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Frontal section through the head of a Cicindela tranguebarica 
Herbst adult stained with Mallory's triple stain. 


Scate-s. 300° um 
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ABSTRACT 


Compound eyes of males of Amblycheila schwarzi W. 
Horn, Omus californicus californicus W. Horn, Megacephala 
carolina mexicana Gray, and Cicindela tranquebarica Herbst, 
North American Cicindelidae, were examined by light, 
Nomarski interference, and scanning electron microscopies. 
Using a “goniometric field of view" apparatus, angles of 
visual fields were determined then plotted on Mollweide 
homolographic projections. This included deriving a 
formula to calculate monoscopic, stereoscopic, and blind 
regions both in steradians and as a percentage surface 
area of Che homolographs. “Eyés-or-A~ schwarzi-adults have 
both the largest monoscopic and blind areas; those of 
‘le tranquebarica adults, the largest stereoscopic areas 
Of the visual field. 

Intergeneric statistical analyses were made using 
data from visual field areas and from measurements of eye 
structures. Comparisons based on eye size showed two 
groups: small eyes, nocturnal A. schwarzi and nocturnal 
0. californicus; and large eyes, crepuscular M. carolina 
and diurnal C. tranquebarica adults. Three categories for 
eye function were shown: scotopic A, A. schwarzi and M. 
carolina; scotopic B, 0. californicus; and photopic, C. 


tranguebarica adults. Photopic eyes also occur in these 
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other cicindelids examined: €. belfragei S$allé, C. limbata 
nympha Casey, C. limbalis Klug, C. repanda repanda Dejean, 
and C. longilabris Say. However, eyes of crepuscular adults 
of C. lepida Dejean are scotopic A, although these beetles 
are in the large eye group. The plesiotypic character 

state of eye structure and function in cicindélid adults 
PSuSCOLOPIiC,.Assthe.apotypic state,is.photopic.,.C..lepida 
adults have secondarily evolved scotopic A eyes. 

Cicindelid eye structure and function was compared 
with that of two representatives of their probable sister 
taxon, the Carabidae. Adult nocturnal Pterostichus 
melanarius Illiger are small-eyed and in the scotopic B 
functional category; diurnal Elaphrus americanus Dejean 
are large-eyed and photopic. It is concluded that scotopy 
and photopy have evolved through parallelism in these 
sister taxa. 

All beetle eyes examined are eucone and have a "sub- 
corneal layer" between corneal lenses and crystalline cones. 
They have a distal rhabdomere composed of microvilli only 
from retinula cell seven, a more proximal, rectangular 
fused rhabdom formed from six retinula cells, and a basal 
eighth retinula cell with a spherical rhabdomere. Eyes 
of diurnal and crepuscular beetles are large and bulbous 
with interfacetal mechanoreceptors. 


The. cellular-fine structure of photopic eyes of 
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C. tranquebarica was further examined by scanning electron 
and transmission electron microscopies. The subcorneal 
layer has lamellae of endocuticle consisting of micro- 
fibrils having a chitin core with protein deposits along 
their lengths. In surface view this layer consists of 
concave polygons. Extensions of the crystalline thread 
form inter-retinular fibers containing microtubules between 
Retinuia celts 172,.3/4, 5/6, and 7/1. Two primary pig- 
ment cells are devoid of pigment granules, but are rich in 
rough endoplasmic reticulum. Proximal to each retinula 
cell nucleus are two basal bodies, one perpendicular to the 
other. The proximal basal body extends two fibrillar feet 
which fuse to form a horizontally banded ciliary rootlet 
which extends the retinula length peripheral to the rhabdom. 
Multivesicular and onion bodies are near the proximal 
rhabdom and onion bodies are also in some of the 16 second- 
ary pigment cells. Other secondary pigment cells contain 
pigment granules and some contain vesicles surrounded by 
microtubules. 

Interfacetal mechanoreceptors have a single biopolar 
innervation with a typical dendritic sheath, tubular body, 
cilium, outer and inner sheath cells, and an axon surrounded 
by a neurilemma sheath cell. 

Structures are discussed in. relation to their func- 


Pion in the eye. Jt is postulated that the opsins of visual 
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pigments may be synthesized in either the primary pigment 
and/or retinula cells. Visual proteins are probably 
hydrolyzed in multivesicular and onion bodies. Lipid 
droplets surrounding the ocular sclerite may store vitamin 


Ay> the precursor of the visual chromophore. 
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"When we reflect on these facts, here given much 
too briefly, with respect to the wide, diversi- 
fied, and graduated range of structure in the 
eyes of the lower animals; and when we bear in 
mind how small the number of all living forms 
must be in comparison with those which have 
become extinct, the difficulty ceases to be very 
great in believing that natural selection may 
have converted the simple apparatus of an optic 
nerve, coated with pigment and invested by trans- 
parent membrane, into an optical instrument as 
perfect as is possessed by any member of the 

AVE IGM ace G.) oO S.S) 00 


-- Darwin (1859) 
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Description 


TEM of transverse section through 
nucleus of one sheath cell and lumen 
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Same, through lumina of sheath cells 
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Diagrammatic longitudinal section of an 
interfacetal mechanoreceptor of 
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LM of longitudinal section of junction 
between crystalline thread and seven 
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SEM cryofracture of transverse section 
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TEM of transverse section through distal 
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TEM of transverse section through distal 
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TEM of transverse section through proximal 
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Same, through proximal retinula cells..... 


Same, through proximal, rectangular 
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Same, through seventh retinula cell....... 


TEM of longitudinal section through 
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LIST OF ABBREVIATIONS 


The following important abbreviations have been used 
in the thesis besides those specified in the text: 
or =heve lor statistical sraniricance 
ATP: adenosine triphosphate 
cm: centimeter 
Fig.: figure 
hi: hour 
km: kilometer 
KB: 91k T Poviodlht 
LM: light microscopy 
mm: millimeter 
n: sample size or refractive index 
NAD: nicotinamide adenine dinucleotide 
NIM: Nomarski sth CerreRehee microscopy 
nm: nanometer = 1(1077)m 
SEM: scanning electron microscopy 
Sp.: species 
TEM: transmission electron microscopy 
um: micrometer = 1(107°)m 
x + SE: mean of a sample + standard error 


tT: lambda = wavelength 
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1. General Introduction 


Eyes stimulated by various wavelengths of light, 
elicit neuronal responses and provide animals with vision. 
Adult insects have evolved a compound eye composed of func- 
tional groups termed ommatidia, each with a lens and retinal 
structural component. Selected reviews on insect eye struc- 
ture include: Fernandez-Moran, 1958; Ruck, 1964; Trujillo- 
Cenoz, 1966; Gribakin, 1969 (in Russian); and Trujillo-Cenoz, 
1972. Reviews discussing structural and physiological 
aspects of insect vision are: Buddenbrock, 1935; Goldsmith, 
1964; Bernhard, 1965; Wolken, 1968; Mazokin-Porshnyakov, 
1969; and Goldsmith and Bernard, 1974. Neurophysiological 
central nervous system information processing for vision, 
including intensity-evaluating systems, colour-selecting 
systems, and pattern recognition systems are reviewed in 
the proceedings of a symposium by Wehner (1972) which I 
reviewed elsewhere (Kuster, 1973). Current biophysical 
explanations of photoreceptor optics are discussed by 
Bernhard et al. (1972), and in the proceedings for a work- 
shop by Snyder and Menzel (1975). Included in the latter 
treatment is an explanation of the mechanism for polarized 
light detection in compound eyes. Biochemical and physio- 
logical aspects of visual pigments involving the chromophore, 


Ti-cis retinal (vitamin A, aldehyde), bonded to an opsin 
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(protein) as the photochemical intermediate in the trans- 
duction mechanism to all-trans retinal plus opsin are 
discussed in the proceedings of a symposium edited by 
Langer (1973). A comprehensive review on most apsects 

of insect vision ts in a recent book edited by Horridge 
(1975)% 

No scientist by training or inclination, can experi- 
ment and be critical in all the heterogeneous aspects of 
vision research. Considering this premise, the first part 
of this thesis answers questions concerning structure and 
function of cicindelid compound eyes as an adaptation to 
the environments in which they live. Eyes of males of one 
species of each of the four North American genera of 
Cicindelidae (Coleoptera) were examined. Beetles used were 
adults of Amblycheila schwarzi W. Horn; Omus californicus 
californicus W. Horn; Megacephala carolina mexicana Gray; 
Cicindela tranquebarica Herbst. Since adults of Cicindela 
lepida Dejean and Cicindela belfragei Sallé have apparently 
become secondarily crepuscular, their eye structures are 
also described to determine if these eyes have evolved in 
response to this behavioural adaptation. 

The question arises as to why. tiger beetles were 
chosen for a detailed examination of eye structure and func- 
tion from an evolutionary approach. This bias is based on 
my hypothesis that since there is a behavioural transforma- 
tion series from a plesiotypic (ancestral) nocturnal to 


crepuscular to the apotypic (derived) diurnal diel activity 
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within the four North American genera of cicindelids 
(Chapter 2), that there may also be a parallel transforma- 
tion series in structure and function of their compound 
eyes. I therefore believe this to be an appropriate family 
to work with in attempting to infer evolution of eye struc- 
ture and function in relation to diel activity. 

The only detailed research on larval stemmata and 
adult compound eye structure and function of some species 
of Cicindela is that by Friedrichs (1931). On questioning 
the structural attributes of eyes of individuals of other 
cicindelid genera, he wrote (translated from German): 

“Tt would be particularly interesting to establish 

in what manner the eyes of these nocturnal and 

crepuscular cicindelines have been adapted to their 

way of life: it may well be assumed that super- 
position [scotopic] eyes with pigment displacement 
have been formed, while the day-running or flying 
cicindelines possess apposition [photopic] eyes 

(like Cicinde la." 

To answer some of Erede iene questions, this presenta- 
tion provides the following: 

1. Descriptions of a method for quantifying stereo- 
scopic and monoscopic visual field areas and a 
discussion of their behavioural significance 
(Chapter 3). 

2. Descriptions of the cellular organization of 
these beetles based on histological examination 
(Chapter 4). 

3. Descriptions of the relationships between visual 


field areas and eye structure to eye size groups 


(Chapter 4). 
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4. Descriptions of the relationships between eye 
structure and function by grouping structures of 
these compound eyes into scotopic and photopic 
functional categories (Chapter 4). 

5. Descriptions of the relationships between eye 
size groups, functional eye categories, and diel 
time of activities in terms of a reconstructed 
phylogeny of the Cicindelidae (Chapter 4). 

Structure and function of cicindelid eyes are then 
compared to eyes of individuals of their probable sister 
group, the Carabini, to determine if carabids with similar 
diel activity have evolved similar eye structures. To 
answer this question, eyes of adults of nocturnal 
Pterostichus melanarius Illiger, and diurnal Elaphrus 
americanus Dejean are described. Eye structure is then 
related to eye size groups and eye functional categories 
of the cicindelids and the phylogeny of these sister taxa 
(Chapter 4). 

From examination of the fine structural cellular 
organization for vision in eyes of Cicindela tranquebarica 
Herbst adults, conclusions are made in Chapter 5 concerning 
function of this derived cicindelid eye. 

Although Eakin (1966; 1972) discussed evolution of 
the structure of invertebrate photoreceptors at the class 
level, and Wolken (1975) considered evolution of photo- 
processes and photoreceptors in invertebrate and vertebrate 


phyla, most literature on insect compound eye structure and 
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function, gives only descriptions of single species. 

Studies on eyes are therefore required in closely related 
genera and species. By intergeneric and interspecific 
comparisons of cicindelid and carabid beetle compound eyes, 
this investigation begins to fill this void in understand- 
ing the evolution of insect eyes. Although not as detailed 
as this study, there have been other contributions toward 
this end. Scott (1937) discussed the relationship of eye 
Shape and number of ommatidia to diel activity and feeding 
behaviour for several families in many insect orders. 
Pritchard (1966) compared angles of visual fields, inter- 
ommatidial angle, diameter of corneal lenses, and pigment 
distribution of adult anisopteran dragonflies belonging to 
64 Australian species. These observations were discussed 

in relation to their role in prey capture and diel activity. 
Japanese workers have estimated diel activity of insects 
based on internal structures of insect eyes: several families 
of Lepidoptera (Yagi and Koyama, 1963a; 1963b); bombycid 
and saturniid moth genera (Koyama, 1964); genera of 
lamellicorn leaf-chafer beetles (Gokan, 1973); and 


cerambycid beetle genera (Koyama 


eft.al., 1975)... By examin- 
ing compound eye structure, Yagi (1953) determined the 
taxonomic position of the Hesperiidae (Lepidoptera). Yagi 
(1951) stated that the pseudopupil provides valid evidence 
for the relationship of various families of Lepidoptera. 


He postulated that the origin of a species begins from the 


differences of the sense organ which perceives the mate and 
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Since visual cues are dominant in butterfly courtship, the 
origin of a species begins with a change in eye structure! 
From a reconstructed phylogeny of the brachyceran and 
cyclorrhaphan Diptera, Wada (1975) used 48 species of 26 
families to discuss evolutionary trends of two retinal 
structural types. However, he did not correlate die] 
activity or mechanisms of prey capture to eye structure 


as this study attempts to do. 
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2. laxonomic and/Ecdlogical Considerations 


Within the order Coleoptera, suborder Adephaga, there 
are four North American genera of Cicindelidae (Amblycheila, 
Qmus, Megacephala, and Cicindela) grouped into the tribes 
Megacephalini and Cicindelini (Schaupp, 1883; Horn, 1908- 
nao; translated by Willis, 1969; Leng, 1920; 1926; Bradley, 
1930; Arnett, 1946; Hatch, 1953; and Arnett, 1968). How- 
ever, earlier workers include Amblycheila and Omus in the 
tribe Mantichorini, Megacephala in Megacephalini; and Cicin- 
dela in Cicindelini (Lacordaire, 1843; 1854; and Thompson, 
1857). The dendrogram (Fig. 1) represents a reconstructed 
phylogeny, based on the classification of Horn (1926), to 
show cladistic relationships of the taxa studied by me. The 
compound eye structure and function is incorporated into 
this phylogenetic framework. (Section 4.4.6). 

Adults of genera included in the subtribe Omina are 
nocturnal and have relatively small heads and small eyes 
(Schaupp, 1883; Vaurie, 1955), while adult megacephalines 
are crepuscular with large heads and bulbous eyes (Horn, 
1908-1915). Secondarily, adult omines are incapable of 
flight. Adult cicindelines are diurnal and have large heads 
with prominent eyes and are generally capable of flight 
though there are some exceptions (Leng, 1902; Horn, 1908- 


1915; and Arnett, 1968). 
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Adults of Amblycheila are nocturnal (SOW sual ou Wes 
BeouSs. O77 ou SGhaupD. soCoR Horn, 1908-19155 Vaurie, .19559:; 
and Kuster, 1976), however, during warm and humid days they 
have been observed to leave their self-dug holes or their 
shelter in kangaroo rat burrows (Williston, 1877; Horn, 
1908-1915; translated by Lawton, 1972). Amblycheila adults 
are flightless and inhabit semi-arid regions at high alti- 
tude (Vaurie, 1955). Adults of A. schwarzi W. Horn (Fig. 2) 
were identified using the Keys of Horn (1926) and Vaurie 
(1955). On a June night solitary adults were collected 
among boulders in the quartz, monzonite granite, canyon wash 
of Upper Covington Flat in Joshua Tree National Monument, 
Riverside County, California (Kuster, 1976). 

Adults of Omus are generally nocturnal (Edwards, 1875; 
Schaupp, 1883; Leng, 1902; and Horn, 1908-1915), but are 
diurnal during the spring mating season (Horn, 1908-1915). 
Mark, release, and recapture records of adult 0. audouini 
Reiche and of 0. dejeani Reiche indicate that these beetles 
are active during all hours (Maser and Beer, ROT), Adults 
hide under stones, wood, bark, or soil, usually on dry sub- 
strates far from water (Horn, 1908-1915). Adults of Qmus 
californicus californicus W. Horn (Fig. 3) used here were 
identified using keys of Horn (1926; 1930). Specimens were 
trapped by pitfall in Sonoma County, California, 4 km south- 
east of Anguin, by D.H. Kavanaugh, and I collected others 
at near darkness in June at the forest/beach interface of 


McClures Beach, Point Reyes National Seashore, Marin County, 
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Figs. 2-5. Dorsal aspect of four adult cicindelid beevias 
used in this investigation. 


Scale = 5 mm 
Fig. 2. - Amblychei la schwarzigw sauonne 


Fig.) 3. ~Omus <californi cus cdalmnommucus en. 0m. 


Fig. 4. Megacephala carolina mexicana Gray. 


Fig. 5. Cicindela tranquebdricasnerbs ¢c: 
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California. 

As their name denotes, adults of Megacephala have 
large heads, and large eyes. These beetles are active dur- 
ing twilight hours (Horn, 1908-1915) and many are attracted 
to lights (Graves and Pearson, 1973). In the mid-summer 
mating season, they may be diurnal (Horn, 1908-1915). Dur- 
ing periods of repose, individuals inhabit holes dug by 
themselves along grassy meadows, or natural cracks in the 
earth. They make little use of their wings (Horn, 1908- 
1915). Adults of Megacephala carolina mexicana Gray (Fig. 4) 
were identified using keys of Horn (1903; 1926). During 
July, specimens were collected at dusk by G.E. Ball in the 
state of Oaxaca, Mexico, 10 km north of Valle Nacional. 

Adults of Cicindela, the most derived cicindelid 
genus, are brightly colored beetles with large heads and 
prominent eyes (Schaupp, 1883; Leng, 1902; Horn, 1908-1915; 
Bradley, 1930; and Wallis, 1961). They are active on clear, 
warm days, but during the night and on cloudy days, hide in 
shallow burrows dug in the substrate (Davis, 10? le goDeer es 
have radiated into open sandy, clay, or alkali habitats 
along ocean shores, lake shores, river banks, and mud flats 
(Leng, 1902; Horn, 1908-1915; and Wallis, 1961). The prin- 
cipal diurnal species used in this study was Cicindela 
tranguebarica Herbst (Fig. 5), but eyes of adult C. limbata 
nympha Casey, C. limbalis Klug, C. repanda repanda Dejean, 
and C. longilabris Say were also examined. Specimens were 
identified using the keys of Wallis (1961) and Willis (1968). 
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Adults were collected from May to September in open sandy 
areas on sunny days at Edmonton, Devon, and Bon Accord, 
Alberta. Since adult Cicindela lepida Dejean exhibit bi- 
modal activity rhythms of day and twilight, their eyes were 
also studied. G.J. Hilchie collected specimens at twilight 
and in daylight on sand dunes at Empress, Alberta. 

Eyes of Cicindela belfragei $a1lé adults were also 
examined to help clarify their taxonomic position. Earlier 
workers placed this taxon and Cicindela pilatei Guerin- 
Ménéville in a separate genus, Dromochorus (Guérin-Ménéville, 
¥o45° Salle, 1877: Vacordaire, 1854; Thompson, 1857; 
Gemminger and de Harold, 1868; Casey, 1897; Leng, 1902; 
Pantz, 1905: Schildery 1953s and Rivalier, 1954). Other 
workers considered these two species to belong to Cicindela 
(Schaupp, 1883; “Horm, 18863) Horn, 1908-1915;:.1926; Leng, 
1920; and Bradley, 1930), but the subgenus Dromochorus is 
now accepted by Arnett, 1968; Gaumer and Murray, 1971; and 
Graves and Pearson, 1973. These adult beetles are crepuscu- 
lar and flightless, running at dawn and twilight in grass 
near sandy roadsides in the southern United States (Jones, 
1884; Knaus, 1900; Leng, 1902; Lantz, 1905; and Graves and 
Pearson, 1973). Specimens of Cicindela belfragei Sallé were 
collected by R.R. Murray in Hamilton County, Texas, 7.5 km 
north of Hamilton, 

For comparison of eye structure and function in rela- 
tion to diel time of activity and to phylogeny, two carabids 


were also studied. I collected brachypterous, nocturnal 
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Pterostichus melanarius Illiger adults by pit fall during 
July in mixed boreal forest leaf litter along the McIntyre 
River on the campus of Lakehead University, Thunder Bay, 
Ontario. Eyes of a more derived carabid, Elaphrus americanus 
Dejean were also examined. Like most adults of Cicindela, 
these beetles are heliophilous and capable of flight. In 
iar on the sandy shores of Black Sturgeon Lake, 144 km 
north of Dorion, Ontario, I collected several individuals. 
Both carabids were identified using the keys of Lindroth 
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3. Calculation and Significance of Visual Field 


Areas of Some cicindelid Beetle Compound Eyes 


So. Ot ntroduct ion 

Although insect compound eyes are immobile and later- 
ally positioned on the head, they have the capacity for 
both monoscopic (monocular) and stereoscopic (binocular) 
vision. Depth perception, or binocular vision is usually 
achieved via overlap of visual fields of both eyes. Esti- 
mation of depth is more precise when the image of the object 
is projected on symmetrical visual cells in the left and 
right eye. It is therefore assumed that predatory insects 
attack when the victim is centered between their eyes 
(Mazokhin-Porshnyakov, 1969; Horridge, 1977a). 

Many experimental methods have been devised to quantify 
‘visual field areas and to demonstrate binocular visual 
ability in insects. Baldus (1926) shone light into eyes 
of nymphs of the dragonfly species Aeschna cyanea Mull. and 
from the position of bilateral pseudopupils, drew visual 
axes of individual ommatidia extending from the eyes to 
the protracted labium. He showed that maximum depth per- 
ception occurred between the extended labial hooks and 
concluded that focal length for binocular vision had evolved 
with labium length to provide an efficient prey capture 


mechanism. Again using pseudopupils, Seitz (1968) concluded 
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that adults of Calliphora erythrocephala Meig. (Calliphoridae) 


Have p2ayvisua bufieldtofs1902 horizontally and 198° vertically. 
Using angular measurements from serial paraffin sections, 
Butler (1973a) demonstrated that adults of Periplaneta 
americana L. (Blattidae) have a vertical visual field of 

198° with a 40° dorsal overlap, and a horizontal visual 

field of 240° with a 65° anterior and 56° posterior overlap. 
Mazokin-Porshnyakov (Table 8; 1969) summarizes angular values 
of binocular visual fields of seven insects obtained by 
various authors. 

Hocking (1964) examined hand-cut sections from the 
estimated horizontal axis of adult eyes of 28 species of 
insects in 13 orders. Using an ocular goniometer, he meas- 
ured horizontal axial angles and vertical axial angles of 
these eyes. Via trigonometric manipulations of these angles, 
he calculated the horizontal field of view, horizontal 
binocular field, and vertical binocular field. Of the 
insects investigated, the mean angle of vision in a hori- 
zontal plane was 157°, 68% forward; 32% backwards. Gener- 
ally, he concluded that an angle of blindness exists 
posteriorly extending nearly 40° on either side of the mid- 
line. Between the frons there are 20° of binocular vision 
and 10° dorsally and 3° to 4° below the insect head. The 
insect's mean total field of vision in steradians is 10.5 
and the mean binocular visual field is 1.6 steradians (12.56 
steradians = 1 unit sphere). 


Maldonado and Barr6és-Pita (1970) concluded that female 
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mantid eyes have an area for fine estimation of distance 
for prey capture. This area is termed the “fovea" by 
analogy to the structure in vertebrate eyes. Individuals 
of the mantis Stagmatoptera biocellata were mounted between 
goniometers; one behind and one lateral to the insect. The 
eye was symmetrically illuminated by bifurcated Fiber-lite 
and the angles of the pseudopupil was observed, then mapped 
on eye surface projections. Once pseudopupil area was deter- 
mined, various regions of the eye were painted and success- 
ful prey capture responses recorded. Additional experiments 
by Barros-Pita and Maldonado (1970) concluded that the fovea 
had a smaller radius of curvature and a greater concentration 
of ommatidia. They postulated that the fovea of one eye 
working with the complementary fovea of the other eye 
enabled precise estimation of catching distance through 
binocular vision. Further research by Lévin and Maldonado 
(1970) concluded that the foveal regions of the mantid eyes 
are generally precisely aligned with the victim before 
successful prey capture. Horridge (1977a) reviews the func- 
tion of foveae in other predatory insect eyes and Sherk 
(1978) relates fovea position to adult prey capture 
mechanisms in dragonflies. 

Investigations of ommatidial and interommatidial 
angles have clearly demonstrated binocular vision by insect 
eyes. By plotting interommatidial angles in vertical and 
horizontal planes of eyes of adult Apis mellifera L. (Apidae), 
Baumgartner (1928) and Portillo (1936) discovered that the 
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angles are smaller in the centre and larger at the periphery 
of the eye. Resolving power of central ommatidia is two to 
three times higher than that of peripheral ommatidia. For 

a review of angular dimensions of fields of vision and 
interommatidial angle values for various insects, see 

Autrum and Widerman (1962). Using measurements from eye 
sections, Goldsmith (Table III; 1964) indicates overlap of 
adjacent ommatidial visual fields. Bernhard et al. (Table I, 
1972) tabulated the interommatidial angle (angle of 
divergence) and acceptance angle (opening angle of the 
ommatidium) of many insects. Methods to obtain these data 
include: eye-scalps, pseudopupils, and intracellular electro- 
physiological recordings. These authors concluded that 
visual fields of neighbouring ommatidia overlap since the 
ommatidial acceptance angle is greater than the inter- 
ommatidial angle. Burkhardt et al. (1973) proposed a mathe- 
matical model for the structure of visual fields of insect 
eyes based on interommatidial angles between adjacent 
ommatidia. Frontal areas of the visual field were projected 
from measurements of "critical angle" for one and both eyes 
of Aequiaster polytechnicus Bu. (Diopsidae); for both eyes 
of A. lindaueri Bu., A. exneri Bu., and A. frischi Bu. 
adults. Only angles of visual fields and not visual field 
areas were calculated. These researchers suggested that 
maximum depth perception occurs at the distance equal to 
half the span between the eyes projected in the forward 


direction. Current methods for calculation of interommatidial 
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angle and width of field of view of an ommatidium are 
explained by Horridge (1977b). Other investigators have 
determined the visual field of individual retinula cells and 
proven an electrophysiological basis for angular sensitivity 
(Washizu et al., 1964; Burkhardt et al., 1966; Tunstall and 


Horridge, 1967; Horridge et al., 1970; Eheim and Wehner, 
1972; Horridge, Giddings, and Stange, 1972; Snyder, 1972; 
Goldsmith and Bernard, 1974; and Horridge et al., 1976). 

Future models for determining absolute visual field 
angles and areas will probably be based on the concept of 
"neural superposition" (Kirschfeld, 1967). This term is 
used when axons of different ommatidia that see the same 
point of visual space are received by a single lamina car- 
tridge. Accurate limits of monoscopic and stereoscopic 
perception will be calculated from detailed examination of 
central neuronal interconnections of both eyes in the lamina 
ganglionaris, medulla, lobula (and lobula plate). Such 
histological information will then be coupled with simulta- 
neous intraneuronal electrophysiological recordings from 
both eyes initiated by varied wavelength, intensity, and 
angles of electromagnetic radiation. 

Homann (1928) was the first to use techniques similar 
to those used here. He suspended the cephalothorax of adults 
of Epiblemum sp. and of Evarcha sp. (Araneae: Salticidae) 
on a universal joint between two perpendicular goniometric 


rings. Observed through a microscope, the cephalothorax 


was rotated through 180° and angular measurements of ithe 
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three pairs of ocelli were recorded after each 10° rotation. 
Visual field angles then were plotted on a hemispherical 
projection. The hemisphere represented the cephalothorax 
with the visual fields occupying areas on the hemisphere. 
Although no mathematical details were given concerning the 
derivation of the projection, it appears to be psaudo- 
orthographic with one standard parallel and meridian. He 
made no attempt to quantify visual field areas. However, 
he graphed frontal, dorsal, and lateral stereoscopic and 
monoscopic areas of the visual field, and importantly, 
demonstrated differences in visual abilities between these 
two genera of salticid spiders. 

The purpose of the following experiments is to provide 
a method of comparing visual field areas of eyes of indi- 
viduals of the four North American genera of Cicindelidae. 
A model is presented which maps visual field areas of one 
and both compound eyes on Mollweide homolographs. Formulae 
are derived to compute surface areas of monoscopic, stereo- 
scopic visual fields, and blind regions both in steradians, 
and aS a percentage of surface area of the unit sphere 
homolographs. This technique transforms the shape of any 
compound eye into a spherical representation for qualitative 
and quantitative comparisons of visual field areas. Since 
none of the eyes are spherical, and this model is based on 
a unit sphere, the results have inherent mathematical dis- 
tortion. But this distortion can be assumed to be constant 


for each eye examined and since the experimental treatments 
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are similar, this model can be used for intergeneric com- 
parisons. The areas of visual fields of individuals of 

genera of tiger beetles are discussed in relation to eye 
Size and shape, antennal length, other structural ratios, 


and pertinent behavioural activities. 


3.2 Materials and Methods 

For scanning electron microscope (SEM) examination of 
eyes, beetle heads were washed in Tide : laundry detergent, 
rinsed in distilled water, then fixed in 5% formalin. After 
dehydration in ethanol, heads were cleared in xyloi and 
air-dried overnight (Hollenberg and Erickson, 1973). The 
heads were carbon and gold coated to a thickness of 15 to 
20 nm using an Edwards 12E vacuum evaporator, then examined 
with a Cambridge Stereoscan S4, Scanning Electron Microscope 
(SEM) at accelerating voltages of 20 to 30 kV. Observations 
were recorded on Kodak Plus-X Pan Professional PXP-120 roll 
film. Number of ommatidia were counted from enlarged SEM 
photomicrographs and from double replicas of celloidin 
casts of eyes made from a silicone rubber mould (Lawko, 
1971). Measurements of structures were made with an ocular 
micrometer in a Wild M5 dissecting microscope. 

Visual field angles were determined using a "gonio- 
metric field of view" apparatus. This instrument was 
designed by Dr. W.G. Evans, Department of Entomology, to 


measure angles of infrared detection of sense organs on 


Melanophila acuminata De Geer (Bruprestidae). Modifications 
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to this instrument made visual field angle measurements 
possible. A goniometer is an instrument for measuring 
angles and in this apparatus (Fig. 6), two disc goniometers 
of 360° were used. To obtain angles of visual fields, three 
male heads (bh) from each species of the four genera were 
individually mounted on a pin on the horizontal bar (hb). 
The 0° reading, both on the ocular goniometer (og) and 

stage goniometer (sg) were recorded when the cross hairs 

in the ocular lens (01) were positioned at the exact centre 
of the compound eye. The ocular goniometer (og) was then 
rotated in 10° increments through 180°. After each 10° 
rotation of the ocular goniometer (0g), the eye was rotated 
10° using the horizontal bar (hb) to once again place the 
centre of the eye on the cross hairs. The vertical bar (vb) 
was rotated until the margin of the last facet at the ocular 
sclerite was in the centre of the cross hairs. The angle 

of rotation indicating the visual field angle was recorded 
directly from the stage goniometer (sg) as indicated by the 
pointer (pt). Two rotations of the vertical bar (vb) in 
opposite directions were necessary so that two readings 

were recorded for each 10° rotation of the ocular goniometer 
(og). The two angles represent one visual field angle 
above, and one angle below the centre of the eye which are 
separated by 180°. For example, at rotation of the ocular 
goniometer (og) equal to 20°, the stage goniometer (sg) 
angles represent the angle of the field of vision 20° below 


the centre of the eye (i.e., towards the mouth of the beetle) 


/ 


patad sebfott feaery te color niesdo, of bai, 


“grtaeo PIGKD eat SH Hanes (rOg STA!) re). anet wrens 


"aloo. eda 2h toger deel ails, oe rs er fhinwl 


eas | 
ee a a r, ce 
ne | ie oi a 


ieepaiaboesnd. alone etna stv sbem 3 
pairs sen, oY dnemevtent ne. er " 


ave? ‘diab seth ow 4 (8 vee) sea tltie saat 


gtaw evener Veet aft 1H antaen2 ibe aoe Lede at 
(dad) vee TePaarised. ant co nt iq & m0 padtaven wit 


hie (to) tetemoindn aetya0 sat ce ngoe At 


ha ae ae 
a1 ied enacts oft Siw Rebyogs fr sh" ead vasenaton 


aod, 24m (go) Nepemetnoe STR 39 ont ya ba C 
Of dpee Tarts: 208) ceuerney ssivguairont 201 ie | 
besnfot asw ovis. wrt yon), 1oeen preg | vsivoooadt, ro aol 
edt spelq Atews S2oec2 (ort) iN BGS istnoz bods eft 
iw}. eed! Peg ht aay ait eaten 3 doas ote, he eyes “te 


slpwe gaT ewe bth g Bag 0 | ‘aha bu Hadge eit, oF aw 8 
bebresey BBW letons siete beuaiy, stet penn eine 
oid yd bateot har Se (pe) smaaaline weere! ad? 
aheaton vote 

cent bess ows feng ae cigeeenels ovew anos aaett 
Tatomotneg whites adh) Be rebdenge "OF fies oe: J 
fons bi et? heuery eo tasesgey: eatyne ond.pt 

ots Gatiw sve atis + eying ens ich allati i sno ‘ 
taluag 213 to.gohsszor Fe aigmexs 0% Rit 
(ez) *sienoetnog egaie eae OS. ot reupe | 
niaitien 8S) noteiy to b ae. ony ne stone oan 


copa end to Adyom: ahd eb gWo2 aut) 1 & 


ie Ye, 
ae 


i i 
1 
ie 
As 
af 
' 
"a \. 
i " 
i 
+ 
‘eo 


u 


— 


y 
wr 
hy 
me 
MN 
ay i 
i 
+ 
3 
‘ 
’ 
Pon 
ivi ' 
ih ip 
i] 
' 
{ 
t 
L 
5 
} 
| 
f 
’ 
: 


ice 


Goniometric field of view apparatus, showing 
beetle head (bh); horizontal bar 4b)s veruical 
bar (vb); pointer (pt); stage goniometer (sg); 
ocular lens (01) with “cross haiyvs;: and ocilar 
goniometer (0g). 


Scale = 10 cm 
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and its 180° complement (the angle of the field of vision 
20° above the centre of the eye towards the posterior vertex 
of the beetle head). In this way, visual field angles for 
the total circumference of the eyes were recorded from the 
stage goniometer (sg), after the rotation of the ocular 
goniometer (og) and the compound eye through 180° in 10° 
increments. 

The visual field angles were then plotted on Mollweide 
homolographic projections (Mollweide, 1806; 1807). A 
homolograph is an equal-area map projection capable of show- 
ing the entire surface of a unit sphere in the form of an 
ellipse (Fig. 17). All latitudes are represented as 
straight lines which are more widely spaced at the equator 
than at the poles. Distances of latitudes from the equator 
are determined by the laws of equal surfaces, and their 
values have been tabulated (Deetz and Adams, 1945) between 
the limits 0 at the equator and 1 for the pole. The central 
meridian is one half the length of the equator. Ail merid- 
jans are parts of elliptical arcs except the meridian of 
90° on either side of the central meridian which appears 
in the projection as a circle. The mathematical description 
and theory for construction of the Mollweide homolograph 
projection are given in Melluish (1931), Mainwaring (1942), 
and Deetz and Adams (1945). 

such representations of visual fields were drawn for 
One eye and then both eyes. Two projections were drawn for 


both eyes: one displaying forward visual field areas; the 
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other, dorsal visual field areas. The surface areas of the 
visual field area of one eye and monoscopic, stereoscopic, 
and blind regions for the two projections of both eyes were 
quantified in steradians and as a percentage surface area 
of the unit sphere homolographs. A steradian is a unit of 
measurement of solid angle that is expressed as the solid 
angle subtended at the centre of the sphere by a portion 
of the surface whose area is equal to the square of the 
radius of the sphere. One steradian = 1/4 7 of the solid 
angle around a point, and there are 12.56 steradians on the 
surface of the unit sphere of radius equal to one (Weast, 
1975). 

To calculate the visual field areas from the homolo- 
graphs, the following formulae were derived: From Fig. 7, 
the surface area of an infinitesimal strip centered on the 


coordinates (9, 6) on the unit sphere (radius = 1) 
= cos 6° dédo 
From Fig. 8, the surface area of the stippled strip 


= A(81855 $4¢5) 
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($5 > o,) (sin Oh = ain 81) 


Applying this formula to the homolographs, surface areas in 


steradians of 10° strips 


a average longitude 4, average longitude 
angle of oy in radians angle of b» in radians 


sin sin 
latitude - latitude 
angle 86 angle 8, 


where 4 and 5 are evaluated at latitude 8, and 855 where 
86 3 8, + 10° and where 1 and 5 were measured directly 
from the goniometric apparatus (Tables 3 and 5). 
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Surface areas in steradians of one eye visual field.area or 


monoscopic, stereoscopic, or blind regions 
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SUMIOTsSUurrace areas of each 10° strip 
from -90° to +90° 


A ° 
1=.90° (10;) 


Surface areas of the visual fields as percentages of the 
Surface area of the unit sphere surface area where the sur- 


face area of a unit sphere = 4m 


100 +90° (10 ;+10) 


Sy fa i) A 3 
at j=-90° (10;) 


See Results 

The character state of compound eye size has been used 
by several authors (Chapter 2) to characterize genera of 
Cicindelidae. Adult eyes of the two nocturnal genera, 
Amblycheila and Omus are comparatively very smal) (Faas: 9. 
10); eyes of the crepuscular genus, Megacephala (Fig. 
11) are large, and adults of the diurnal genus, Cicindela 
(Fig. 12) have the largest and most bulbous eyes. The 
vertex (v) of C. tranquebarica is very concave Cage i) 
while the vertices of adult M. carolina is slightly concave 


filo id bute Oe calafornicus (Fig. 10) and A. ‘schwanzd 
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Figs. 9-12: SEM of the frontal aspect of heads of four 
cicindelid beetles, showing variation in eye 
size and degree of convexity or concavity of 
the vertex (v). 


Scale = 500 um 


parte acl? Amblycheila schwarzi. 
Fig. (0. .0mus cali tonnmcus. 
Fig. Il. Megacepbhala carolina. 


Fig. 12. Cicindela tranqueberica: 
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adults (Fig. 9) have convex vertices. Eyes of A. schwarzi 
adults (Fig. 13) are almost spherical while 0. californicus 
eyes are elliptical in shape (Fig. 14). Eyes of adult 
Mee carolinay(Figy.lo) and,of iC. tranquebarica CEG. WG 
Kuster, 1975) are cordate, with the indentation positioned 
at the vertex. Figs. 13-16 show that representative com- 
pound eyes of all four genera are convex and outer surfaces 
consist of convex, hexagonal corneal lenses (1). A ring of 
cuticle, the ocular sclerite (os), defines the border of 
the eyes. 

Table 1 shows that adults of nocturnal cicindelids 
have fewer ommatidia than have adults of diurnal-crepuscular 
beetles. Adults of A. schwarzi have long antennae and 
fewer ommatidia per mm of antennal length than nocturnal 
0. californicus adults; M. carolina adults fewer than diurnal 
C. tranquebarica adults. Eye size is related to other struc- 
tural ratios in Table 2. In representatives of nocturnal 
genera, eyes span less than one-third the head widths, but 
in crepuscular and diurnal genera, eyes occupy approximately 
one-half the head widths. From values comparing eye height 
to head height, neither eyes of A. schwarzi nor Q. 
californicus adults extend above the vertex while both 
eyes of M. carolina and C. tranquebarica do. It is possible 
therefore to assume that both C. tranquebarica and M. 
carolina adults see above the head, but that vision above 
the vertex is less in eyes of A. schwarzi and Q. californicus 


adults. Ratios of head width to pronotum width indicate 
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Figs. 13-16. Lateral view of compound eyes of cicindelid 
beetles, showing hexagonal corneal lenses 
(1) and ocular sclerites (os). 


Scale = 200 um 
Fig. 13. Amblycheila schwarzi. 
Fig. 14, Omus’ califtorni cus. 
Fig. 15. Megacephala carolina. 


Fig. 16. Cicindela tranquebarica. 
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oVeateneither adults of A. schwarzi' nor 0. californicus can 
see behind their pronota. However, both representatives 

oT M- carolina and @- tranguebarica “have *™thrs "ability. None 
of these adult tiger beetles can see behind their elytral 
margins. 

Table 3 lists mean visual field angles which were 
measured using the goniometric field of view apparatus for 
the left compound eye of three individuals of one species 
in each cicindelid genus. Structural reference points are 
indicated on the table and 0° represents the horizontal 
centre of the compound eye. Data were plotted on Mollweide 
homolograph projections (Figs. 17-20). The larger the data 
point, the wider the field of vision, so comparatively, the 
Otadatiog As) schwancl «0. Calirorpicus, .M. Carolina. 70: 
tranquebarica represents the smallest to the largest visual 
field area of one eye.. Data from Table 3 were then plotted 
on homolographs representing the forward visual field for 
both compound eyes (Figs. 21-24). Centres of the left and 
right eyes are labelled CL and CR respectively, and struc- 
tural reference points are indicated. For one and both eye 
homolographs, Table 4 quantifies forward visual field areas 
in steradians and also as a percentaye surface area of the 
unit sphere. Monoscopic, stereoscopic, and blind surface 
areas are tabulated. An example follows to clarify visual 
field area calculations. The surface area in steradians of 


the 10° strip bounded by 9, = 0° and 8, = 410° for Cicindela 


trangquebarica (Table 3, Fig. 20) 
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Table 3. Mean visual field angles for the left compound 
eye of one species of each of the four North 
American genera of cicindelid beetles. 


Angles of the Visual 
Field for One Eye 
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Q. = Omus califarnicus 
M. = Megacephala carolina 


C. = Cicindela trangquebarica 
= longitude to the left of 90° 


a 


= longitude to the right of 90° 


ia) 


bavoges oat en + 40% tal fe 
(tee Yuok ant 16s 
telsead bit ab 


w= san * Nl cme fy tt cabin ital 
ah ee (tyr atte rhe tne senegal 5 


— en, ee ad 


Pm 
(2 
{= 


' esi Sof. Ss 
B+ ost} Bit MM 
at Vs! 4h  o€ 
15+ SRT Bog Bs 
g2 ETy. :fOt. « 
C+ r es 
je+4 Ag & 


fo @.Co 8 Gh re 1D 1 SO Ce 8 nt os 2 
o 
eo 
Sa a ee 


; 
t f 
Q { 

¢ t ge af 

b+ @ qs. “6! 

¥ Q Ag £.OF 

Hf. x eu 6 

6s PN be er vr 

das § on ae 

o2- $ ‘on a 

Gé> e ‘e 

wt - 3 

hy) 


meee: 
he ne i s 
Riese: Te 


i Be a | i diag oh 


. a ~e 
pon emer od a 
eh eget a. 
i saad i hua 


-* ; ~_ 
: _ od 
— i A 
i i; 7 
- i 
a 4 
se 
a r ° 
; ‘ = 


ck) 2m Wekiiee) 


ae 
a 


Mi a nh rf te 2 \ A 
od = 7 “t i H 
{ ’ « Lar, ; 
> etecian ahi 
, 


ney 


iRESESEE SERB EEES es 
SURERG REDE 2 CHSRSELS = 
i SRER RE ERE S) pe fe | 


as Litésd 

| CAGUREEEE Aff SAPLLIEE a 

SS Sees C24 oe ae Z 
SSSR WIZE 


Figs. 17-20. Mollweide homolographs of total visual field 
of left compound eyes of one representative 
species of each of the four cicindelid 
beetle genera. Centre of left eyes repre- 
sented as CL. 


Fig. I7. Anblychetrarsenway Zi. 
Fig... 18. “(Oniuseead tomas. 
Fig. 19. Megacephala carolina. 


Fig. 20. Cicindela tranguebanica: 
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Figs. 21-24. Mollweide homolographs of frontal visual 
fields of both compound eyes of cicindelid 
beetles. Centres of right CCR) and Vert 
eyes (CL) are indicated. Stereoscopic 
visual field area stippled, blind area 
black; and remaining area monoscopic. 


Fig. 21. Amblycheila schwarzi. 
Fig. 22. Omus’ call formnipcuce 
Fig. 23. Megacephala carolina. 


Fig. 24. Cieindela tranquepanica. 
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Table 4, 


One Eye 


Both Eyes 


One Eye 


Both Eyes 
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Surface areas of the unit sphere homolographs 
of forward visual fields for each of the four 
cicindelid beetle eyes. 


Percent 
Visual Area of Area of 
Field Steradians Unit Sphere 
Amblycheila schwarzi 
monoscopic 56.3 44.79 
stereoscopic frons 0.54 eg 8 
stereoscopic behind Qakone 4.53 
6.74 3 0 
monoscopic X2 eB iy? 89 765 
stereoscopic frons 0.54 4,30 
stereoscopic behind OnaSe Gt ONS 
blind frons 0.06 0.48 
blind behind Osis 1.04 
iZsow 100.00 
Omus californicus 
monoscopic 5.46 43.43 
stereoscopic frons h.29 Ox. 26 
stereoscopic behind eR TE Ne Za63 
7.08 9 i 
monoscopic X2 1LOA9Z 86.87 
stereoscopic frons v.28 10.26 
stereoscopic behind eS oO 
blind behind 0.03 0.24 
eb 100.00 
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Table 4, 


One Eye 


Both Eyes 


One Eye 


Both Eyes 


Continued. 


Visual 
Field 


Megacephala carolina 


monoscopic 
Stereoscopic frons 
stereoscopic behind 


monoscopic X2 
stereoscopic frons 
Stereoscopic behind 


Cicindéla tranquebarica 


monoscopic 
stereoscopic frons 
stereoscopic behind 


monoscopic X2 
stereoscopic frons 
stereoscopic behind 
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Percent 
Area of 
Unit Sphere 


Area in 
Steradians 


Jol 3538 
ou See 
1.64 13205 
8.06 64.12 
9.02 L120 
Lo 1S arg 
1.64 13005 
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The surface area in steradians of the visual field of the 


left eye of Cicindela tranquebarica (Fig. 20) from -90° to 


+90° 


-90° 
j=-90° 


0.0554 


Sos Sia | 


-70° +90° 
+ 830° A.30 
(10,+10)° 
A ° 
(10;) 
+00. 1696+ 052874 + 0.3979 + 0.4859 
+ 0.5632 + 0.6438 + 0.7098 + 0.7345 
+ 0.7648 + 0.7906 + 0.7458 + 0.6716 
+ 0.5891 + 0.4886 + 0.3607 + 0.2184 
POO uD 
= 8.76 (from Table 4 due to summation of 


three visual areas) 
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The surface area of the visual field of the left eye of 
Cicindela tranquebarica as a percentage of the unit sphere 


surface is (Table 4): 


100 


+90° (10.+10)° 
TT ) A(io ye 
j=-90° j 


2 100 
<7 bara) 


= 69.69%. 


In this way each visual field area was calculated for each 
eye (Tables 4 and 6). 

From forward visual field homolographs (Figs. 21-24) 
and Table 4, adults of the two nocturnal genera have larger 
monoscopic and smaller stereoscopic areas of the visual 
field, and also exhibit some blind areas. A. schwarzi 
adults are blind above the mouth and like individuals of 
0. californicus, also are blind in the posterior lateral 
direction. Both adults of M. carolina and C. tranquebarica 
do not have blind areas in their forward visual field. 
Stereoscopic areas in the forward, lateral, and posterior 
directions increase as monoscopic decreases as a percentage 
of surface area of the visual field. C. tranquebarica 
adults have the largest total stereoscopic area of the 
visual field of any of the beetles examined. 


Table 5 tabulates mean dorsal visual field angles for 
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Table 5. Mean dorsal visual field angles for the left 
compound eye of one species of each of the four 
North American genera of cicindelid beetles. 


Angles of the Visual 
Field for One Eye 


Degrees Degrees 
of of 
Rotation” ~.———— oy Persea Salat A ee es oa Rotation 
Neck 
Aree ae Lie Gas RON ae 
0 80 94 110 118 bis “Tio 94 80 0 
meg 89 89° 114120 Ta OV 96 97 +10 
+20 97 G2 pl Pani 20 Lies Las: 90 94 +20 
+30 99 OFo Fis POS je a iad 89 93 +30 
+40 tz C82 epg TEO® 2106 92 92 +40 
+50 Pies Ole Tae aca 2 109 109 96 88 +50 
+60 T22 104 126 133 , Elz. .t06 93 86 +60 
+70 VTC lid La She ese | 13" 102 94 83 +70 
+80 TAOS wills) Whaat S8 21. Wis V0 99 86 +80 
90 [287 Teg ae nn TaD Toc MOG o.hOZaiEo 3 90 
-80 TE Pig VRS ala Sipe co O2) 08 10] 90 -80 
-70 Th6s ily 4 TACT aS 104 97 104 85 -70 
-60 Nie AUF 4 TAG ey ebs2 118 95° 07 86 -60 
-50 TOS 115,,. P64. 0953 Ty, Sao 107, 85 -50 
- 40 TAS G2 1547 155 116 92 96 88 -40 
- 30 106 111 142 146 ras” “95 eld 89 -30 
-20 LOZ. 101 Prose “a6 116 98 116 90 -20 
-10 ST D106. SL 250e ac b228 1046 10 92 -10 
0 Oe OS OO ic 5 129 5-106" 03 92 0 
Mouth 
A. = Amblycheila schwarzi 
0. = Omus californicus 
M. = Megacephala carolina 
C. = Cicindela trangquebarica 
o, = Vongitude (to the lettizof 0° 


= longitude to the right of 0° 
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Figs. 25-28. Mollweide homolographs of dorsal visual fields 
of both compound eyes of cicindelid beetles. 
Centres of right (CR) and left eyes (CL) are 
indicated. Stereoscopic visual field area 
stippled; blind area black; and remaining area 
monoscopic. 


Fig. 25. \ Amblycheiilda schwanci. 


Fig. 26). -Onus eat tr orincus. 


Fig. 27. Megacephala carolina. 


Fig. 28. Cicindela tranquebarica. 
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Table 6. Surface areas of the unit sphere homolographs 
of dorsal visual fields for each of the four 
cicindelid beetle eyes. 


Percent 
Visual Area in Area of 
Field Steradians Unit Sphere 
Amblycheila schwarzi 
One Eye monoscopic 5.63 44.79 
stereoscopic vertex £.6s 8&9 
stereoscopic mouth to neck 0.08 0.64 
6.74 53162 
Both Eyes monoscopic X2 LPaee 89.65 
stereoscopic vertex E.68 8.19 
stereoscopic mouth to neck 0.08 0.64 
blind vertex 0.04 CHS) 
blind mouth to neck OFS aa 
Wiccan 100.00 
Omus californicus 
One Eye monoscopic 5.46 43.43 
stereoscopic vertex 0.91 7.24 
stereoscopic mouth to neck A. a. 05 
7.08 56032 
Both Eyes monoscopic X2 1G292 86.87 
stereoscopic vertex 0.91 7.24 
stereoscopic mouth to neck On Br OS 
blind vertex 0.02 Qrel-6 
blind mouth to neck 0.01 0.08 
2.57 100.00 
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Table 6. Continued. 


Percent 
Visual Area in Area of 
Field Steradians Unit Sphere 
Megacephala carolina 
One Eye monoscopic 4.5] SSe3s 
stereoscopic vertex 2.60 20.68 
stereoscopic mouth to neck 0°95 7890 
8.06 64.12 
Both Eyes monoscopic X2 9.02 ye 
stereoscopic vertex 200 20.68 
stereoscopic mouth to neck 0.95 1256 
ea kw! 100.00 
Cicindela tranquebarica 
One Eye monoscopic Soot SU eh 
stereoscopic vertex es 24.90 
stereoscopic mouth to neck Troe 14.48 
8. 6 69.69 


Both Eyes monoscopic X2 h. G2 
stereoscopic vertex SS. 24.90 
stereoscopic mouth to neck ha82 
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the left compound eye of three individuals of each genus. 
These data were obtained by a 90° rotation of each visual 
field angle given in Table 3-so that, for example, data 

for 90° in Table 3 now are angular measurements for 0° in 
Table 5. These data from Table 5 were plotted on Mollweide 
homolographic projections to show dorsal areas of the visual 
field (Figs. 25-28). Table 6, like Table 4, quantifies 
dorsal visual field areas in steradians and also as a per- 
centage surface area of the unit sphere. 

Figs. 25-28 and Table 6 provide data to prove that 
adults of both A. schwarzi and 0. californicus have large 
lateral monoscopic areas of the visual field. Stereoscopic 
vision at the vertex and between the mouth and neck are 
limited. These beetles have blind areas at the vertex and 
between the mouth and neck. Dorsal visual field areas for 
adult M. carolina and C. tranquebarica show they have smaller 
lateral monoscopic areas of the visual field than the 
nocturnal beetles, but increased stereoscopic vision at 
the vertex and between the mouth and neck. No blind areas 
are indicated. Visual fields between mouth and neck are 
impossible and their appearance in the homolographs must be 
assumed to be the result of plotting non-spherical eyes. 


This blind area is presumably small. 


3.4 Discussion and Conclusions 


Unlike fast flying diurnal adults of Cicindela 


tranquebarica or crepuscular Megacephala carolina adults, 
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both flightless nocturnal adults of Omus californicus and 
Amblycheila schwarzi have small eyes. I conclude that 
nocturnal cicindelids have not used the strategy of 
increased eye size to enhance visual perception in darkness 
since eye size is larger in diurnal beetles. Number of 
ommatidia is larger in adults of A. schwarzi than of Q. 
californicus; of M. carolina than C. tranquebarica adults, 
which shows that ommatidial number is not linked to the 
phylogeny of these beetles. A. schwarzi adults have rela- 
tively long antennae as do adult M. carolina compared to 

O. cahiforhicussorn€. itranquébarica’adults: ‘Since the 
visual ability of A. schwarzi adults is extremely weak 
(Willison, 1877; Snow, 1877; Gissler, 1879; and Horn, 1908- 
1915), these authors suggest that these beetles have an 
acute sense of touch, chiefly concentrated in their long 
and constantly vibrating antennae. My field observations 
support this hypothesis as these beetles appear to feel and 
smell their environment (Kuster, 1976). The ratio of 
antennal length to ommatidial number shows that there are 
comparatively fewer ommatidia per mm antennal length in 
those beetles with long antennae. 

Adaptation for diurnal activity, flight, and fast 
running behaviour has required an expansion in the visual 
field. Eyes of C. tranquebarica and M. carolina adults 
occupy more of the head width and exceed the head height 
permitting larger horizontal and vertical visual fields than 


in adults of 0. californicus or A. schwarzi. Although none 
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of these beetles have the capacity to see behind their 
elytra, adults of both C. tranquebarica and M. carolina 
Ganusee behind thetnepuonotaavoThe-List.of: watios (labhey2} 
does not, however, indicate the absolute limits of vision. 
Tiger beetles display an alert behavioural stance by rear- 
ing up on the prothoracic legs so that the abdomen is 
pressed to the substrate (Swiecimski, 1957; Willis, 1967). 
Such a stance may permit the beetles to see more of their 
environment in the lateral and posterior directions. The 
more anterior position and bulbous shape of eyes of adult 
C. tranquebarica and M. carolina allows for larger stereo- 
scopic areas of the visual field in the forward, posterior, 
and dorsal directions than is demonstrated for the lateral 
flatter small eyes of either 0. californicus or A. schwarzi 
adults. 

Other workers have measured visual fields of repre- 
sentatives of Cicindela adults. Using eye scalps Friedrichs 
(1931), calculated the total visual field of C. campestris 
bisto bem206%4in the horizontal direction; 172° vertically. 
Approximately 90° of the forward visual field is binocular. 
Bauers (1953) computed the vertical visual field of ¢. 
hybrida L. to be 159.5° of which 93.5° are for vision above 
and 66.0° for vision below the central axis of the eye. 
When the visual field is transformed into a spherical 
representation as done here, the horizontal visual field 
of C. tranquebarica Herbst is 243° with a vertical visual 
field.of 245° (Table \3). 
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Ommatidia bordering the vertex of eyes of C. campestris 
L. have an acceptance angle of 3°, and ommatidia located 
cervically and postgenally have acceptance angles greater 
than 3°. Central ommatidia have acceptance angles of less 
than 2° (Friedrichs, 1931). The image received by ommatidia 
with larger acceptance angles is composed of fewer points 
of a mosaic and hence the image cannot be as clearly resolved. 
From my visual field experiments, these ommatidia appear to 
function in depth (stereoscopsis) and possibly movement 
perception from stimuli received by symmetrical ommatidia 
in both eyes. In the central region of the eye used for 
monoscopic vision, the ommatidia have smaller acceptance 
angles. Since more ommatidia per eye function in perception 
of the incident light rays, these ommatidia may be capable 
of resolving a more detailed image of the objects lateral 
to the insect but these ommatidia may not function in depth 
perception. Also, because of their keener power of resolu- 
tion, movement perception would not be an efficient use of 
these ommatidia. 

With reference to habitat and diel activity, a com- 
parative ethological discussion follows. This concerns the 
roles of sight and distance localization of these beetles 
for prey capture, finding a mate, and escape response. 

Little is known of nocturnal hunting behaviours of 
adults of Amblycheila. They seem to stumble upon their 
food as if by accident and do not sight their prey from a 


distance (Snow, 1877). However, analysis of gut contents 
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by Horn (1908-1915) and Larochelle (1974a) indicate that 
they capture some insects and they may have an unusual 
paralyzing capability for food capture (Zweifel, in Vaurie, 
1955). Predators include skunks, nocturnal birds (Williston, 
1877), and spiders (Vaurie, 1955). It would seem that their 
limited visual field areas are of little value in either 
predatory or escape behaviours. They make no attempt to 
escape from their human captors, allowing themselves to be 
picked up as though they were entirely blind (Snow, 1877; 
Wrltiston, 1877).”°°I*do-not know if visual cues~are~tnvolved 
Th Findtng—a—mate. 

Adults of Omus are attracted to meaty baits (Schaupp, 
1883 Horn; 1908-1915; and Larochelle, 1974a), but little 
else is known of their predatory capabilities. They are 
prey of several species of birds and mammals (Horn, 1908- 
1915; Larochelle, 1974a). Skunks (Mephitis mephitis 
Schreber, and Spilogale putorius L.) eat vulnerable teneral 
adults, but visual cues seem not to be of value in sighting 
this potential danger since the beetles seldom elicit an 
appropriate escape response into their burrows CNeser 7919.73); 
Since adults of Omus become diurnal during the mating season 
(Horn, 1908-1915), vision may be involved in seeking a mate. 

Adults of Megacephala run quickly and erratically, but 
often crawl on to a stick or other prominence to take flight 
(Mitchell, 1905). They have evolved good visual abilities 
since they capture a large variety of terrestrial and 


aerial insects (Horn, 1908-1915; Larochelle, 1974a). Spe- 
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cific predators of adults of Megacephala are not documented 
in the literature. However, because of their large eye 
Size it is suggested that vision is used to initiate escape 
behaviour as is presumably used to locate potential mates. 
Literature is voluminous on diet and prey finding of 
adults of Cicindela. These carnivores actively hunt a 
variety of insects in all stages of metamorphosis and 
include some crustaceans in their diet (Mitchell, 1905; 
Horn, 1908-1915; Moore, 1906; Wallis, 1961; and Larochelle, 
1974a). Moore (1906) recorded that distance localization 
of C. purpurea Oliv. adults for formicids was 10 to 13 cm; 
C. repanda Dejean, 8 to 13 cm. Balduf (1925) observed 
adults of C. punctulata Oliv. detect Blissus leucopterus 
Say (Lygaeidae), from a distance of 5 to 8 cm. C. hybrida 
L. adults attack creeping maggots, 8 to 12 mm in length, 
from a distance of 10 cm (Friedrichs, 1931). Distance 
localization for adults of C. campestris and C. hybrida was 
shown to be 20 to 30 cm (Faasch, 1968). Considering field 
of vision, perception of direction, shape, and movement, 
Swiecimski (1957) investigated prey capture behaviour of 
C. hybrida L. When prey is stalked, adult beetles assume 
the alert stance, align their body to the long axis of their 
prey, thus placing the prey directly in their stereoscopic 
visual field, then run and attack the victim. Males seek 
females using similar aggressive behaviour (Faasch, 1968). 
From prey capture experiments involving changes in light 


intensity, Bauer et al. (1977) reported that a decrease of 


Li 4 7 - bah 7 q 7 [A ral | oo _ 
a : ca ee Le, Son a ee 
: ao te : vy % : = 
: Hi Na - a : 
re (can) ve : iW y ° 
| 1 D a a a1.) 
| pan aie Nae 
{ my a 7, 
ae Ad ; a f ae ce a y) 5 6 
1 t ae pede ye ; 


aq80a9 sicbebaetat beau. a 
.ageem Ts hinetoq adsool of been 
ko Parone VSG bik ja fb) — 

h snen yYisvis os 24 ‘Tov bitBS 32 f 
big: af 20hanxo mist 5mm to. ‘aepede — 
Sau OT + padlyen) es : ivy tard: nt ensagete | 

Fagt ehhhee Bnet. “pheal a 

notissrisoaol gan ste th end Side tae, eet 

-mo &f, of OF. 25W chralmiot AEM aitibe ce 

pevisedo (282 eerie alms ‘Ethan’ 6, yest 
st¢o5nel zu cetie, RE WTO gag fie 


ee 
rae 
Pp 
x 
{> 
— 
i 
rr 
mh 
= 
rat 
Co 


sO Fer smi BD: ve a se aah ie ; Listy 713 ev) 
ional nian St, oe babes a aie footie, Nit 
hard aa "y bh ; 


vy ‘a 
ce M on aA 


bie ings aes 


moeas esidtsad aT ube ante 


ates Me, 2hxX5 engt ans od \bad a ; 
fF gegRGeyat2 tes * dissent. ers Af a 
agez gots" sabrpibv ats Soes38 bnB fe acl ay ebig 

-efBOt otozgeT) suotvstise ovreas abe 16 Thee 


so il a, alpen ra! 8 


67 


light intensity reduces hunting success of adults of the 
diurnal carabid, Notiophilus biguttatus. This discovery 
may also apply to diurnal cicindelids for which the optimal 
physiological response of their eyes has been selected to 
correspond to their diurnal activity during periods of 
bright light. 

Despite their keen eyesight, adults of Cicindela are 
under extreme predation pressures from many sources: asilids 
(Wallis, 1913; Bromley, 1914; Graves, 1962; Lavigne, 1977), 
formicids (Larochelle, 1972), arachnids (Day, 1969); also 
amphibians and reptiles (Larochelle, 1972; 1974b), birds 
(Maser, 1973; Larochelle, 1975a), and mammals (Larochelle, 
1975b). However, beetles in this genus have adapted several 
strategies to survive in their vulnerable diurnal niche. 
When frightened by sudden movement or by a shadow, or ground 
vibration from one to two meters away (Moore, 1906; 
Friedrichs; 1931), a beetle assumes its alert stance and 
if stimulation continues, it flies downwind, From my 
observations, upon landing, a beetle faces upwind with both 
eyes now directed at the danger. Using its stereoscopic 
forward visual field it assesses the approximate distance 
of the attacker. If danger ensues, ft flies and hides in 
nearby vegetation where its elytral markings provide cryptic 
colouration (Shelford, 1917). When attacked from above, 
as is the case with the collector's net, it can be concluded 
that the bulbous eyes extending above the vertex provide 


adequate visual perception since these beetles often escape 
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capture through rapid flight initiation. 

The evolution of increased eye size and larger 
stereoscopic visual abilities have apparently been selected 
in the cicindelids as an adaptive strategy for crepuscular 
and diurnal activity in open niches where predation pres- 
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4, Comparative Structure and Function of 


cicindelid and carabid Beetle Compound Eyes 


4.1 Introduction 

On the basis of ecological correlations, Exner (1891) 
classified compound eyes of insects into two structural and 
functional categories: apposition eyes characteristic 
of diurnal insects active in bright sunlight, and super- 
position eyes characteristic of crepuscular and nocturnal 
insects. In an ommatidium of an apposition eye, the 
retinula is in contact with the apex of the crystalline 
cone and a dense layer of secondary pigment granules sur- 
rounds the cone permitting only light transmitted through 
that cone to stimulate the underlying rhabdom. Pigment 
migrations are not pronounced during light and dark adapta- 
tion. Therefore, the image formed by an apposition eye is 
a mosaic composed of apposed light from each individual 
ommatidium (Muller, 1879). In an ommatidium of a superposi- 
tion eye, the rhabdom is not in contact with the apex of the 
cone, the two structures being separated by a transparent 
clear zone. Secondary pigment granules are capable of 
migration. At night the pigment migrates distally to expose 
the cone apices permitting incident light entering, one 
ommatidium to scatter over the clear zone to stimulate 


adjacent rhabdoms (Exner, 1891). In this way, a superposi- 


69 


to wottond bias aaa 


eeys beyond si to@h DpaK 


bas favurouyse ‘ous ott “atseant | to ‘aoye 
oiteinssouiens 298: notareeage astopetea:t ts 
aoe? bis tpt fades Hig tae ek cevtton adosent fa | 
/ ‘envuseah tons 1814S 2yaens 1 atiebveroanada 20ye ets 
9d3  . SNe noth reogas n@ to. eu rb euae ne at 
anti hegavyo edd #8 4298 et ante Soptna> at ait 
tases bg: vr etnd ase: te forged pansb s 
iquowts boss hagreny en Nine enraataneg anette 
snomee mob a bit nt yevst aw ‘ont: steiuntee ot ro 3 
-~sdQEbds 1488 ns Py eT gatyah. beonive ; q ton oun 2 
2t eXS notsteonds ne Ww a epent ony \atoters 
feubivtbnt dese mor jig ht ent Yo bancaneo 2 
~f2eqvage?, 4 to mu he Frm me al (2 RN 
5? #0 X5a6, hii Aetw toBSH0D. a in ue Hob 
| fasveqenet? s' 4d veevsqee ated ae as 


Pe ty 


to sidsgss Svs 2oTunaye Sit 


seocus of vi lssetb anhan vom ale e800 gk -not sit 
it | ; eri Git ho 


< 


- 


70 


tion mosaic image is formed with increased brightness but 

at the expense of image resolution (Miiller, 1879). Tracheae 
between retinula cells act as a tapetum to reflect light, 
thus further increasing light intensity within the eye 
(Bugnion and Popoff, 1914). 

Recently (Goldsmith and Bernard, 1974),-.terms for the 
functional categories of insect compound eyes have been 
borrowed from cone and rod visual systems of the vertebrate 
retina. Apposition and superposition eyes are now termed 
“photopic” and "scotopic" respectively. A good example of 
the function of a photopic eye is given by Varela and 
Wiitanen (1970) for adults of Apis mellifica L. (= A. 
mellifera L., Apidae). Parallel light rays in the corneal 
lens are brought to focus at a point about two-thirds of 
the way down the crystalline cone. As light penetrates 
beyond the focal point the rays diverge, lateral rays are 
absorbed by secondary pigment granules, and only the central 
rays proceed to the rhabdom for phototransduction. There- 
fore, in this optical arrangement, each ommatidium collects 
light through a narrow angle and less than 1 percent of the 
light striking a rhabdom is received through neighbouring 
corneal lenses (Shaw, 1969). 

In scotopic eyes, the transparent clear zone or 
"crystalline tract" is formed either as an extension of 
Semper's cells (Horridge, 1968; 1969a), or by the distal 
non-rhabdomeric portions of the retinula celis (Kuiper, 


1962; Miller et al., 1968; and Déving and Miller, 1969). 
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An alternative hypothesis to the superposition mosaic 
theory of Muller (1879), postulates that in dark-adapted 
scotopic eyes the crystalline tract functions as a wave 
guide since it has a higher refractive index than the sur- 
rounding cells (de Bruin and Crisp, 1957). This hypothesis 
suggests that only the light contained in the-tract is 
effective in stimulating individual retinulae and that light 
enters the rhabdom only in a perpendicular direction. 
However, Horridge (1971) showed that in clear zone scotopic 
eyes, light entering many facets is scattered upon several 
rhabdoms thus increasing light intensity received by each 
(Horridge, Ninham, and Diesendorf, 1972; and Horridge, 
1975b). Structural changes including shortening of the 
crystalline tract, organelle movement in retinula cells, 
and pigment migrations for photopic and scotopic eyes during 
light adaptation are reviewed by Walcott (1975). 

In this chapter, the structure of eyes of one repre- 
sentative species from each of the four North American 
genera of Cicindelidae is described using light microscopy. 
Since adults of Cicindela lepida Dejean exhibit a bimodal 
diurnal and crepuscular activity, specimens collected at 
twilight were examined to determine whether these beetles 
have secondarily evolved scotopic eyes for vision in near 
darkness. The cellular organization for vision of crepu- 
scular, flightless adults of Cicindela (Dromochorus) 
belfragei Sallé is also analyzed because of their diel 


activity, and because of the ranking of this taxon as a 
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separate genus by some taxonomists (Chapter 2). To ascer- 
tain cellular changes in eyes caused by light deprivation, 
histological features of eyes of C. tranquebarica Herbst 
and C. limbata nympha Casey adults are described following 
dark adaptation. Eyes of specimens of C. lepida collected 
during daylight are also to describe diel activity 

changes in these eyes. Eyes of two carabini, the sister 
group to cicindelids (Arnett, 1968) are also studied to 
determine if there are similarities in eye structure and 
function based on diel activity. Carabids examined were 
adults of nocturnal Pterostichus melanarius Illiger, and 
diurnal Elaphrus americanus Dejean. 

Eye size groups and functional photopic and scotopic 
categories for these beetle eyes are determined from measure- 
ments of structures. These groups and categories are 
related to diel activity and discussed in relation to 
cellular organization in other insect eyes. From a recon- 
structed phylogeny of these beetles, an hypothesis is pro- 
posed concerning a course of evolution of compound eye 
structure and function and visual ability of cicindelid and 


carabid beetles. 


4.2 Materials and Methods 

Tissues used for SEM were prepared as described in 
Section 3.2. Histological material for light microscopy 
(LM) was fixed in hot 80 percent ethanolic Bouin's Duboscq 


(Pantin, 1962). Excised eyes were dehydrated in tertiary 


en 


“ODES oP AS aetaado) eretme 
enontey Faned PHOT ed beeuao: 
tedvoH sgtnagpupase® 298 


pntwol tot badinpeeb STs 3 
ta) 
jor “ 
$ af9 70 oneal? 
hetoolloo shiget note 
WSEV ESE hott sd Poeeb OR 
teatere ois ctntaeis: baits 40 ana) 


oy befoure o2tis Ss (hagt 338 


)\ Bie sapaourts suis ae rs hataten 


SfUGI0392 Dis at 1202 Orta) i Bn 


~ayu2som mort panhanss 8 8 ays olde sess nov 


7] 
oe 
7 


546 Uxeg ay ea big. @ 
ty ma 


as Hokie ter: ans bedaua ath Bie, 
SAO 
i \ \ u 


~hODBY, 6 moat sys soseaee ail: 
ae i a8 
-O1§ OF -2F resndoqud is Fea 


\ Lae eave wna 
at be@irageb 24 idl itat hi onew A 
— NgbaRpNO Th, Hott er Iinsieey 
| pozadud © 2*ntuod, at hawsids $s nae 
onneiiag of maori a 


oe 
| Pert he 


i '” 
* 1 
? boi |) 


73 


butanol then double embedded using Peterfi's celloidin- 
paraffin technique (Pantin, 1962). To facilitate section- 
ing of these hard beetle heads, the knife and wax blocks 
were chilled. Sections were cut at 10 to 12 um using a 
Leitz Wetzlar rotary microtome. The knife was grounded to 
prevent buildup of Static electricity. Longitudinal and 
transverse sections were treated in saturated mercuric 
chloride containing 5 percent acetic acid mordant solution 
(Pantin, 1962). Precipitations of mercurous chloride and 
metallic mercury were removed using Gram's variation of 
Lugol's iodine solution. A 5 percent sodium thiosulfate 
solution removed Lugol's solution (Humason, 1962). Sections 
were stained with Mallory's triple stain (Pantin, 1962) and 
mounted with Canada balsam. Representative photographs 
were taken using a Carl Zeitz Ultraphot II microscope on 
kodak Plusex, Pan Proressional, 10.c x 12.7 cm sheet tTihln. 
Unstained sections were examined using a polarizing petro- 
graphic microscope and the Becke line (Bloss, 1961) was 
observed to move into eye structures with the higher refrac- 
tive index. Using a Carl Zeitz Photomicroscope II with 
Nomarski interference optics (NIM), some relative refractive 
indices (n) of structures were determined. Dark-adapted 
beetles were deprived of light for five days before fixation. 
The retinula was assumed to be a cylinder consisting 
of three portions: the clear zone, rhabdom zone, and basal 
zone. These volumes and volumes of the rhabdom zone of the 


basal retinula cell were calculated as cylinders. Volumes 
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of the rhabdom of the retinula rhabdom zone were calculated 
as a solid rectangle. Comparative measurement data were 
statistically analyzed using computer programs for One-Way 
Analysis of Variance and Duncan's New Multiple Range Test 


of Means (Sokal and Rohlf, 1969). 


4.3 Results 


4.3.1 Structure of Eyes of One Species of Each of the 
Four North American Genera of cicindelid Adults 

4.3.1.1 General Features 

Ommatidia of compound eyes of insects are organized 
intotiwo distinct structural and functional regions: the 
light receiving or dioptric apparatus, with associated pig- 
ment cells, and the light perceiving apparatus, the retinula, 
with associated pigment cells. Figs. 79-82 are diagrammatic 
representative longitudinal sections of ommatidia. Figs. 
29-32 illustrate longitudinal sections through compound 
eyes of one species from each of the four North American 
genera of Cicindelidae. These figures show the distal 
corneal lenses (1) having a thin corneal layer (t), and 
crystalline cones (c). Normally, the dioptric apparatus 
of eucone eyes (sensu Grenacher, 1879) consists solely of 
these two structures. However, in cicindelid beetle eyes, 
a third layer has been discovered between lens and cone. 
This layer is termed the “subcorneal layer" (cl) because 


of its position and structural similarity to the corneal 
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LM of longitudinal sections of compound eyes 
of cicindelid beetles. Shown are: thin 
corneal layer (t); corneal lens (1); sub- 
corneal layer (cl); crystalline cone (c); 
retinula (rt); rhabdom (r); basal retinula 
cell (b); basement membrane (bm); axons (a); 
lamina ganglionaris (1g); secondary pigment 
cells (2p); and basal pigment cells (bp). 
Note pigment accumulation (pa) in Fig. 32. 


Scale = 200 um 


29. Amblycheila schwarzi. 


30. ‘OmuSs (Caliitonnaeus 


31. Megacephala carolina. 
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lens. These beetles therefore, have a three layered dioptric 
apparatus. Although not visible in these figures, two 
primary pigment cells (also termed principal pigment eellis, 
Hauptpigmentzellen, corneagenous pigment cells, and primary 
iris cells; Goldsmith, 1964), which are devoid of pigment 
granules surround each crystalline cone. Oblique rays 
entering the eye, which cannot be focused by the dioptric 
apparatus, are absorbed laterally by pigment granules in 
secondary pigment cells (2p) (also termed Nebenpigmentzellen, 
secondary iris cells, iris pigment cells, and outer pigment 
cells; Goldsmith, 1964). In longitudinal section of the 
whole eye, most of the pigment appears as an opaque distal 
arch (2p) surrounding the crystalline cones. Secondary 
pigment granules are more densely aggregated and appear 
black in eyes of nocturnal A. schwarzi and QO. californicus 
adults, compared to the less dense brown pigment granules 
in eyes of M. carolina and C. tranquebarica. The dioptric 
apparatus is connected to the retinula by a crystalline 
thread which is shrouded by secondary pigment cells. This 
thread is an extension from each of the four Semper's cells 
which surround the quadrants of the crystalline cone. 

The retinula (rt) ‘extends proximally from the tip of 
the crystalline thread to the basement membrane (bm). A 
cluster of seven neurons or retinula cells constitute the 
retinula. Microvilli of individual retinula cells consti- 
tute a rhabdomere. Rhabdomeres of the retinula cells 


interdidgitate to form a central rhabdom (r) which appears 
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as a solid line running centrally through the vertical 
axis of each retinula. Distal to the basement membrane, 
each ommatidium has an eighth or basal retinula cell (b) 
having a separate rhabdomere. Basal pigment cells (bp) 
containing pigment granules surround this basal retinula 
cell. Phototransduction occurs at the rhabdoms (Hoglund 
et al., 1973). Each of the eight retinula cells extends an 
axon (a) to interneurons in the lamina ganglionaris (1g). 
Tables 7 and 8 provide measurement data and some 


volumes of eye structures. Measurements were taken randomly 


from five different ommatidia. 


4.3.1.2 Dioptric Apparatus and Interfacetal Pegs 

The dioptric apparatus consists of the corneal lens, 
subcorneal layer, and crystalline cone. In eyes of 
nocturnal adults of A. schwarzi and 0. californicus, it 
occupies approximately half the ommatidial length and is 
longer than the retinula. In crepuscular and diurnal eyes 
of M. carolina and C. tranguebarica adults it is approxi- 
mately one-third of the ommatidial length and is shorter 


than the retinula (Table 7). 


4i3.mua2’.11 Gorneal lens 

Scanning electron micrographs (Figs. 33-36) show that 
corneal lenses (1) of these beetle eyes are apparently con- 
vex distally and hexagonal. Longitudinal sections (Figs. 


39,40,41,42) show that lenses are proximally convex so that 
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33-36. 


SEM of convex distal surfaces of hexagonal 
corneal lenses (1) of ommatidia, showing 
the scratched thin corneal layer (t). Note 
cuticular pegs (cp) between some lenses of 
eyes of) Mi carolina (Fig. 35), andge. 
tranquebarica (Fig. 36). 


Scale = 10 um. 


33. Amblycheila schwarzi. 


34. Omus califoarnicus. 


35. Megacephala carolina. 


36. Cicindela’ tranquebari ca. 


37-38. 


Same, of cuticular pegs (cp) of interfacetat 
mechanoreceptors of adult eyes of M. carolina 


(Fig? s7)wandace styangquebarica (Fig.ccem 
Note ecdysial scar (es). 


Scale = 1] um 


88 


n 
wi 


ot 


he 


alle 
Py 
Pa ee 
ve 
i 


Figs. 39,40,41,42. Longitudinal sections of lamellated (1m) 
corneal lenses (1) and crystalline cones 
(c). Note variations in length and 
slope of cone sides. Surrounding the 
cones are two Semper cells (s) shrouded 
by secondary pigment cells (2p). The 
subcorneal layer (cl) is also shown. 


Scale = 20 um 


Fig. 39. Amblycheila schwarzi. 
Fig. 40. Omus. Calitonnicus: 
Fig. 41. Megacephala carolina. 


Fig. 42. Cicindela tranquebarica. 


Figs. 43,44. Same, of the extension of four Semper's cells 
which form the crystalline thread (ct). 


Scale = 20. um 


Fig. 43. Megacephala carolina. 


Fig. 44. Cicindela trangquebarica. 
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close contact is made with the distal concavity of the 
underlying crystalline cone (c). Lenses consist of hori- 
zontal lamellae (Fig. 41). Although not calculated, these 
lamellae have a variety of refractive indices under Nomarski 
interference optics. Lengths and diameters of lenses are 
given in Table 7. Eyes of the nocturnal beetles have the 
longest lenses and represent larger percentages of ommati- 
dial lengths (Table 7). 

None of the corneal lenses of these beetle eyes have 
corneal nipples (Bernhard et al., 1965). Particularly on 
eyes of nocturnal ddults of A. sichwarzi and those of 
crepuscular adults of M. carolina,|is a thin corneal layer 
(t) over the surface of the lenses (Figs. 33-36). Histo- 
chemically, the thin corneal layer is acidophilic since it 
stains with phosphomolybdic acid. The surface of the thin 
corneal layer is scratched Che's. 33-'35i). al aber 7 his ts 
the thickness of this layer. 

Thin films of transparent substances such as magnesium 
fluoride (MgF,: n = 1.38), applied to camera lenses reduce 
reflection from the lens surface by interference. Attempts 
were made here to determine if this thin corneal layer acts 
as such a thin film. Knowing the refractive index (assum- 
ing fixation and dehydration did not induce any changes) 
and thickness of the thin corneal layer, the possible inter- 
ference ability can be calculated (Fig. 45: modified after 
fakitdayiand Resnick,.1970),.. if Light. strikes: the lensrat 


near normal incidence (9), a phase change of 180° is associ- 
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reflected ray 
angle of incidence 
and angle of reflection 


air 
n= 1.00 


thin corneal 
layer 
n= 1.35 


corneal lens 
n> 1.35 
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ated with each ray since at the upper and lower surfaces 

of the film the reflection is from a medium of greater 
refractive index. There is no net change in phase produced 
by the two reflections (rsr,) which indicates that the opti- 
cal path difference for destructive interference is 


(m = 1/2)t leading to: 


2dn elm + 1/2)% 


where d = thickness of thin corneal layer 
n = refractive index of thin corneal layer 
m =) 0, biz}... (minima) | 
tT = wavelength of light 


Table 9 lists the wavelengths of light which would produce 
minimum reflection if the thin corneal layer functions as 


an antireflecting layer (see discussion; Section i Ee 


4. 3. 1.2.2snnterfacetal Pegs 

Scattered between lenses (facets) of adult eyes of 
M. carolina (fig. 37) and C. tranquebarica (Fig. 38) are 
triangular cuticular pegs (cp). There is approximately one 
peg per 20 ommatidia with a total of approximately 210 per 
eye in Sduits of M. carolina and one peg per 15 ommatidia 
(total of 260) on eyes of C. tranquebarica adults. Pegs 
are slightly taller and wider in eyes of C. tranquebarica 


(Table 7). These structures are not present on eyes of either 
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adults: OFCAI9SchWae2i orsOVircalifornicus (FIGS 933934 )% 
Since the pegs appear to lie on a cuticular articulating 
membrane and since there is no hole at the apex, it is 
assumed that these structures function as mechanoreceptors. 
However in Fig. 37, a pit is clearly evident on the side of 
the peg. From its position it is likely the ecdysial scar 


(es) of the dendritic sheath (McIver, 1975). 


4,3.1.2.3 Subcorneal Layer 

The subcorneal layer (cl) is attached to the proximal 
surface of the corneal lens (Figs. 39,40,41,42). This layer 
is acidophilic, staining with phosphomolybdic acid. Its 
thickness varies (Table 7) from 2.33 um in eyes of adult 
A. schwarzi, 0. californicus, and M. carolina to 3.49 um 
in eyes of C. tranquebarica. The subcorneal layer is 
thicker in the diurnal cicindelid than in the nocturnal 
and crepuscular tiger beetle eyes. Using a polarized 
petrographic microscope and following the Becke line into 
media of higher refractive index, the subcorneal layer was 
observed to have a higher refractive index than the corneal 
lens, but a lower value than the distal portion of the 
crystalline cone. This layer then refracts incident light 


toward the centre of the underlying cone. 


4.3.1.2.4 Crystalline Cone 
All eyes considered here are eucone type. Cones con- 


Sist of four quadrants in transverse section. In longi- 
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tudinal section (Figs. 39,40,41,42), they are conical but 
vary in length, width (Table 7), and acuteness. A trans- 
parent, thin, Semper cell surrounds each of the four 
quadrants of the crystalline cone. Nuclei of Semper's 
cells (s) are located beneath the subcorneal layer. These 
four cells surround the crystalline cone and are themselves 
enveloped by secondary pigment cells (2p) (Figs. 39,40,41, 
42). From Becke line movements, the crystalline cone can 
be shown to have a higher refractive index than the corneal 
lens and therefore functions in bending the incident light 
rays toward the medially situated crystalline thread. Figs. 
46-49 show optical paths into the compound eyes. Light was 
transmitted through histological longitudinal sections of 


the dioptric apparatus. 


303s. “Crystal linevinreacd 

Elongations of four transparent Semper cells, which 
extend proximally to the distal tip of the retinula cells, 
form the crystalline thread (ct). In longitudinal section 
(Figs. 43,44), it appears as a thread and has a higher refrac- 
tive index than that of the surrounding tissue. etn eyes of 
adults of the nocturnal genera, it is very densely surrounded 
by secondary pigment granules. In transverse section, 16 
secondary pigment cells (2p) form a stellar arrangement 
around the four quadrants of the threads (ct) (Figs. 50-53). 
In Fig. 53 two primary pigment cells (1p) are also visible. 


Crystalline threads are longer in eyes of diurnal and 
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46-49. Optical paths through longitudinal sections 


46. 


47. 


48. 


ao. 


of the dioptric apparatus. Light is trans- 
mitted into the corneal lens (1), through 
the crystalline cone (c) and along the 
crystalline thread (ct). Oblique rays are 
absorbed by pigment granules in secondary 
pigment cells (2p), Light was transmitted 
antidromically through these sections. 
Scale = 50 um. 


Amblycheila schwarzi. 
Omus californicus. 
Megacephala carolina. 


Cicindela tranquebarica. 
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50-53. Transverse sections through crystalline 
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She 
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21. 


threads (ct), showing secondary pigment cells 
(2p) and in C. tranquebarica (Fig. 53), two 
primary pigment TARE lipgs 


Scale = 20 um 
Amblycheila schwarzi. 
Qmus eu Geiaws. 
Megacephala carolina. 


Cicindela tranquebarica. 


54-57. Same, through distal tips of retinula cells, 


54. 


50. 
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Se 


showing seven retinula cell nuclei (n) and 
central fused rhabdoms (r). 


Scale = 20 um 


Amblycheila schwarzi. 


Omus caltfornicus. 


Megacephala carolina. 


Cicindela tranquebarica. 
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crepuscular beetles (Table 7). 


4.3.1.4 Retinula Cells 

Distal transverse sections of the retinula cells 
(Figs. 54-57) reveal seven nuclei (n) of retinula cells. 
The seven retinula cells of ommatidia of A. schwarzi adults 
(Fig. 58) and of M. carolina (Fig. 60) consist of a clear 
zone (cr) and a rhabdom zone (rr). Retinulae of eyes 
of adult Q. californicus (Fig. 59) and of C. tranquebarica 
(Fig. 61) consist only of a rhabdom zone (rr). All have a 
basal retinula zone (br). Transverse sections through the 
rhabdom zone show rectangular, fused rhabdoms (r) in the 
centre of the retinula cells (Figs. 62,63,65,66). Two 
retinula cells contribute microvilli to form the rhabdom 
on the long sides; one cell on each short side. The rhabdom 
occupies a greater percentage of retinula cell surface area 
and volume in eyes of adult A. schwarzi (Fig. 62) and 
Me Carolina (hig Go /sthanan 0. californicusé (Fig... 63) or 
C. tranguebarica (Fig. 66). In eyes of C. tranquebarica 
the retinula cytoplasm is distinctly visible (Fig. 66), and 
the rhabdom appears as the centre of a “flower” surrounded 
by seven "petals", the retinula cell§S. Fig. 64 is a trans- 
verse section through the clear retinula zone of eyes of 
M. carolina adults. In all four beetle eyes, the seventh 
retinula cell (7) does not contribute to the rhabdom at 
this level. This highly vacuolated cell (Fig. 66) is posi- 


tioned lateral to the rhabdom. Fig. 65 is a transverse 
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Figs. 58-61. Longitudinal sections of retinulae, showing 
clear zone of retinula (cr); rhabdom zone 
(rr); basal zone (br); and rhabdom (r). 


Scale = 50 um 


Fig. 58. Amblycheila schwarzi. 
Fig. 59.° Omus ‘calitoroveuc. 
Fig. 60. Megacephala carolina. 


Fig. 61. Cicindelia treanguebarica. 
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Figs. 62-66. Transverse sections through clear retinula 
zone (cr) of M. carolina (Fig. 64) and rhabdom 
zone of the four beetle eyes. The rectangular, 
fused rhabdom (r) of nocturnal and crepuscular 
eyes have large surface areas with limited 
retinula cytoplasm compared to the small 
rhabdom (r) of the diurnal eye. Note retinula 
cell seven (7). 


Scale = 20 um 
Fig. 62. Amblycheila schwarzi. 
Fig. 63. Omus californicus. 
Fig. 64. Megacephala carolina. 
Fig. 65. Megacephala carolina. 


Fig. 66. Cicindela tranquebarica. 


Figs. 67-70. Same, through basal, eighth retinula cells, 
showing central spherical rhabdom (r) surrounded 
by basal pigment cells (bp). Note basement 
membrane (bm) in Fig. 70. 


Scale = 20 um 
Fig. 67. Amblycheila schwarzi. 
Fig. 68.  Omus cali formicus: 
Fig. 69. Megacephala carolina. 


Fig. 70. Cicindela tranquebarica. 
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section through the clear retinula zone of eyes of M. 
carolina adults. The clear zone of eyes of A. schwarzi 

also consists of seven retinula cells without a rhabdom. 

An eighth or basal retinula cell is distal to the basement 
membrane (bm) and contains a separate rhabdom (r) (Figs. 
67-70). Retinulae of all these beetle eyes are shrouded 

by secondary pigment cells along their lengths. Basal 
retinula cells are also surrounded by four basal pigment 
cells (bp). Dimensions of retinula cells and their rhabdoms 
are listed in Table 7. Data in Table 7 show that retinulae 
of eyes of nocturnal beetles occupy about 40 percent of the 
ommatidial length; 50 percent in diurnal beetle eyes. MThere- 
fore, both ommatidia and retinulae are longer in diurna | 
cicindelid beetles. Table 8 shows retinula and rhabdom 


volumetric relationships, discussed in Section 4.3.5. 


4.3.1.5 The Visual Peripheral Nervous System 
and the Central Nervous System 


Each of the eight retinula cell axons synapse with an 
interneuron in the optic lobe. The eight axons from each 
ommatidium penetrate a single circular fenestration in the 
tracheole-rich basement membrane (bm), and are aggregated 
with axons of six adjacent ommatidia in the form of axonal 
bundles (ab) distal to the lamina ganglionaris (lg) (Figs. 
71-74). Between axonal bundles are haemolymph channels (hc) 
(Shaw, 1977). Evident from these figures, axons of eyes of 


A. schwarzi adults are much longer than those in other beetle 
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71-74, 


Longitudinal sections through axonal bundles 
mh of eight axons from eight adjacent 
ommatidia as they exit the basement membrane 
(bm) and enter the lamina ganglionaris (1g). 
Note length of axonal bundles of A. schwarzi 
CETm: 71). Pigment granules (p) surround 
adjacent axons. Between axonal bundles are 
haemolymph channels (hc). 


Scale = 40 um 


FAs Amblycheila schwarzi. 


f2. Onus %calitognucuse 


73. Megacephala carolina. 


74. Cicindela tranquebarica. 


0 


eyes. Pigment granules (p) in glial cells surround 
adjacent axons. 

The neuronal pathway through the brain is suggested 
in. Figs. 75-78. Following synapsis with lamina inter- 
neurons, axons are extended to the lamina and cross over at 
the first optic chiasmata (1c), then extend to the medulla 
(md), the second synaptic site of the optic lobe. Visual 
axons again cross over at the second optic lobe. Visual 
(2c), followed by proximal synapsis in the third region of 
the optic lobe, the lobula (lo). Glial cells (gl) surround 
the axons. Optic lobes consist of a connective tissue 
sheath, the neurilemma (nl), an underlying cellular 
perineurium (pn) with glial and neuronal cell bodies, and 
a central neuropile of axons and dendrites. A large pig- 
ment accumulation (pa) is on the ventral aspect of the 
interface of the lamina and medulla of the optic lobe (see 


ais Ovid. 32) ¢ 


4.3.1.6 Summary of Structural Components 
Structures of representative ommatidia are summarized 


diagrammatically in Figs. 79-82. 


4.3.2 Structure of Eyes of Cicindela lepida and Cicindela 
belfragei Adults 


Tables 10 and 11 include measurement and volumetric 
data of structures of these beetle eyes. 


Fig. 83 of the head of a C. lepida adult collected at 
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Figs. 75-78. Frontal sections through optic lobes, showing 
axonal bundles (ab); lamina ganglionaris (1g); 
first optic chiasmata (1c); medulla (md); 
second optic chiasmata (2c); lobula (10) 3 glial 
cells (gl); neurilemma (nl); and perineurium 
(pn). Note dense pigment accumulation (pa 
on the ventral aspect of optic lobes. 


Scale = 100 um 


Fig. 75. Amblycheila schwarzZi. 
Fig. 76. Omus cali Tormmpcus. 
Fig. 77. Megacephala carolina. 


Fig. 78. Cicindelatranguebarica. 
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79-82. 


Diagrammatic longitudinal sections of representa- 
tive ommatidia and transverse sections of proxi- 
mal rhabdoms of four cicindelid beetles, show- 
ing thin corneal layer (t); corneal lens (1); 
subcorneal layer (cl); ‘cyrstalline cone (c); 
Semper cells (s); crystalline thread (ct); 
distal rhabdom (dr) of retinula cell seven 
(7); clear retinula zone (cr); proximal 
rhabdom (pr) of six retinula cells; basal 
retinula cell (b) with rhabdomere (br); second- 
ary pigment cells (2p); basal pigment cells 
(bp); basement membrane (bm); and eight axons 
a). 


Longitudinal section scale = 50 um 
Transverse section scale = 20 um 


79. Amblycheila schwarzi (Scotopic A). 


80... - Omus (calitornieuse scotopic B) . 


81. Megacephala carolina (Scotopic A). 


82. Cicindela tranquebarica (Photopic). 
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Fig. 83. SEM of the frontal aspect of the hea G7 <a 
Cicindela lepida adult, showing large bulbous 
eyes. 


Scale = 500 um 


Fig. 84. Same, of a lateral view of the left compound 
eye, showing hexagonal corneal lenses (1) and 
ocular sclerite (os). Vertex positioned at the left. 


Scale = 200 um 


Fig. 85. Same, of convex distal surfaces of hexagonal 
corneal lenses (1). Note cuticular pegs (cp) 
between some lenses. 


Scale = 10 um 


Fig. 86. Same, of a cuticular peg (cp). of an interfacetal 
mechanoreceptor. Note ecdysial scar (es). 


Scale = 1 um 
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twilight shows large bulbous eyes, similar in shape (Fig. 
84) to those of C: tranquebarica adults (Fig. 16). Because 
of their eye size, large srereoscopic visual /fields ‘canbe 
inferred for these eyes. Corneal lenses (1) (Fig. 85) and 
interfacetal pegs (cp) (Fig. 86) are typical of Cicindela 
adults. The thin corneal layer (t) is relatively thin 
(Table 10). From longitudinal (Fig. 87) and transverse 
sections (Fig. 88) of the eye, the cellular organization 
is similar to that of eyes of M. carolina adults 

(Fig. 31). A clear retinula zone (er) ts present. . The 
Surface area of the rhabdom (r) (Fig. 89) (Table 11) is 
moderately large. 

Eye shape (Figs. 90,91), corneal. lenses (1) (Fig. 92) 
and cuticular pegs (cp) (Fig. 93) of eyes of C. belfragei 
adults are similar to those of other Cicindela adults. 
Cellular organization for vision (Figs. 94,95) is similar 
to that of C. tranquebarica eyes (Fig. 32). There is no 
clear retinula zone. The surface area of the rhabdom (r) 


(Fig. 96) (Table:11) is small. 


4.3.3 Structure of Dark-Adapted Eyes of Cicindela 
trangquebarica and Cicindela Limbata nympia 
ULtS, an ight-Adapted Eyes of Cicindela 
lepida Adults 
After dark adaptation for five days, structures of 
the eyes of C. tranquebarica and C. limbata nympha adults 


were examined. Only minor changes occurred when compared 


to light-adapted eyes. In both beetle eyes, pigment granules 
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Fig: 


Shr 


88. 


89. 


LM of longitudinal section of the eye of a 
Cicindela lepida adult. Shown are: thin corneal 


Tayer (t); corneal lens (1); subcorneal layer 


(cl); crystalline cone (c); clear retinula zone 
(cr); retinula rhabdom zone (rr); basal retinula 
zone (br); basement membrane (bm); axons (a); 
lamina ganglionaris (1g); secondary pigment cells 
(2p)s and@basal pagment cellis (bp), 


Scale = 100 um 


LM of transverse section of the eye. Structural 
component abbreviations as above. 


Scale = 200 um 


Same, through the retinula rhabdom zone, showing 
retinula cells (rt) and rhabdom (r). 


Scale = 10 um 
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OS. 


SEM of the frontal aspect of the head of a 


Cicindela belfragei adult, showing large bulbous 


eyes, 
Scale = 500 um 


Same, of a lateral view of the left compound 
eye, showing hexagonal corneal lenses (1) and 


ocular sclerite (os). Vertex positioned at the left. 


Scale = 200 um 


Same, of convex distal surfaces of hexagonal 
corneal lenses (1). Note cuticular pegs (cp) 
between some lenses. 


Scale = 10 um 


Same, of a cuticular peg (cp) of an interfacetal 
mechanoreceptor. 


Scale = 1 um 
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96. 


LM of longitudinal section of the eye of a 
Cicindela belfragei adult. Shown are: thin 
corneal layer Cae corneal lens (1); subcorneal 
layer (cl); crystalline cone (c); retinula 
rhabdom zone (rr); rhabdom (r); basal retinula 
zone (br); basement membrane (bm); axons (a); 


lamina ganglionaris (1g); secondary pigment cells 
(20); and basal pigment cells (bp}. 


Scale = 100 um 


LM of transverse section of the eye. Structural 
component abbreviations as above. 


Scale = 200 um 


Same, through the retinula rhabdom zone, showing 
retinula cells (rt) and rhabdom (r). 


Scale = 10 um 
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in secondary pigment cells (2p) migrated distally around 
crystalline cones and proximally around basal retinula cells 
leaving little pigmentation surrounding retinulae. This 
is assuming that the same pattern of orientation of pigments 
is not altered by fixation and dehydration. Shortening of 
the crystalline threads (ct) (Fig. 97) to approximately half 
their length in the light-adapted state (Fig. 32) was the 
most striking change. No clear retinula zone was observed 
after dark adaptation. 

Light-adapted eyes of C. lepida adults (Fig. 98) show 
lengthening of crystalline threads (ct), shortening, but 
not disappearance, of the clear retinula zone (cr). A more 
even distribution of pigment granules in secondary pigment 
cells (2p) also occurred along the length of retinulae 
compared to dark-adapted C. lepida eyes collected at twi- 
light (Fig. 87). | 


4.3.4 Structure of Eyes of Pterostichus melanarius and 


Elaphrus americanus carabid Adults 

The head of a P. melanarius adult (Fig. 99) has a 
convex vertex like that of A. schwarzi and of Q. 
californicus adults (Figs. 6,7). Eyes are small and 
spherical (Fig. 100) as are those of A. schwarzi adults 
(Fig. 10). Presumably these eyes have large monoscopic 
areas of the visual field. Hexagonal, convex corneal lenses 
(1) (Fig. 101) have a thin corneal layer (Table 10), but 


no interfacetal pegs. Material (x) secreted from dermal 
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Fig. 97. LM ‘of longitudinal section through the dark 
adapted eye of a Cicindela tranquebarica adult. 
Note shortening of crystalline threads (ct) and 
migration of secondary pigment granules (2p) 
distally around the crystalline cones (c) 


(contrast Fig. /32). There is no clear retinula 
zone. 


Scale = 100 um 


Fig. 98. Same, of the light-adapted eye of a Cicindela 
tTepida adult. Note lengthening of crystalline 
threads (ct), more even distribution of secondary 
pigment cells (2p), shortening of clear retinula 
zone (cr) (contrast Fig. 67). 


Scale = 100 um 
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100. 


Le i 


102: 


SEM of the frontal aspect of the head of a 
Pterostichus melanarius adult, showing rela- 


tively flat eyes. 
Scale = 500 um 


Same, of a lateral view of the left compound 
eye, showing hexagonal corneal lenses (1) and 
ocular sclerite (os). Vertex at the top. 


Scale = 200 um 


Same, of convex distal surfaces of hexagonal 
corneal lenses (1). No interfacetal pegs are 
present. 


Scale = 10 um 


Same, of dermal glands surrounding the eye. 
Glands secrete a material (x) which spreads 
over the ocular sclerite (os) and some corneal 
lenses (4). 


Scale = 10 um 
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glands (Fig. 102) may be used as grooming lubricant to clean 
the eye, or may contribute to the composition of the thin 
corneal layer. These eyes have no clear retinula zone 
(Figs. 103,104) like eyes of 0. californicus adults (Fig. 
30), but the rhabdom (r) has a large cross-sectional surface 
area (Fig. 105) (Table 11) to that of the rabdom of A. 
schwarzi eyes (Fig. 66). 

Although vertices of E. americanus adults are convex, 
their eyes are bulbous and extend above the vertex (Fig. 
106). They are similar in shape (Fig. 107) to eyes of M. 
carolina adults (Fig. 8), and those of other Cicindela adults 
(Figs. 9,83,90). It is therefore inferred that these beetles 
have large stereoscopic areas of the visual field. Hexagonal 
corneal lenses (1) are well defined (Fig. 108) due to their 
degree of convexity, and similar to those of other Cicindela 
adults (Figs. 38,85,92). Interfacetal pegs (cp) (Fig. 109) 
are present. There is no clear retinula zone (Figs. 110,111) 
and these eyes have a similar cellular organization to eyes 


Grac. tranguebarican(Fig.sse and C. belfragei (Figs..194,95 ).. 
The rhabdom (r) (Fig. 112) has a small surface area (Table 11). 


4.3.5 Eye Size Groups and Functional Categories of cicindelid 
Beetle Eyes Based on Measurements of Structures 


From statistical inference using One-Way Analysis of 
Variance and Duncan's New Multiple Range Test of Means, mea- 
Surement data (Tables 7,8,10,11) were grouped either into 


eye size or eye functional categories. 
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103. 


104. 


105. 


LM of longitudinal section of the eye of a 
Pterostichus melanarius adult. Shown are: thin 
corneal layer (t); corneal lens (1); subcorneal 
layer (cl); crystalline cone (c); retinula 
rhabdom zone (rr); rhabdom (r); basal retinula 
zone (br); basement membrane (bm); axons (a); 
lamina ganglionaris (1g); secondary pigment 
cells (2p); and basal pigment cells (bp). 


Scale = 100 um 


LM of transverse section of the eye. Structural 
component abbreviations as above. 


Scale = 200 um 


Same, through the retinula rhabdom zone, showing 
retinula cells (rt) and rhabdom (r). 


Scale = 10 um 
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Fig. 106. SEM of the frontal aspect of the head of an 


Elaphrus americanus adult, showing large 
bulbous eyes. 


Scale = 200 um 


Fig. 107. Same, of a lateral view of the left compound 
eye, showing hexagonal corneal lenses (1) and 
ocular sclerite (os). Vertex positioned at the left. 


Scale = 100 um 


Fig. 108. Same, of convex distal surfaces of hexagonal 
corneal lenses (1). Note cuticular pegs (cp) 
between some lenses. 


Scale = 10 um 


Fig. 109. Same, of a cuticular peg (cp) of an! intertacetan 
mechanoreceptor. 


Scale = 1] um 
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LM of longitudinal section of the eye of an 
Elaphrus americanus adult. Shown are: thin 
corneal layer (t); corneal lens (1); subcorneal 
layer (cl); cyrstalline. cone (c)si rerinuie 
rhabdom zone (rr); rhabdom (r); basal retinula 
zone (br); basement membrane (bm); axons (a); 
lamina ganglionaris (1g); secondary pigment 
cells (2p); and basal pigment cells (bp). 


Scale = 100 um 


LM of transverse section of the eye. Structural 
component abbreviations as above. 


Scale = 200 um 


Same, through the retinula rhabdom zone, showing 
retinula cells (rt) and rhabdom (r). 


Scale = 10 4m 
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4.325 .]Teeve Size earoups 

When structural measurements are related to eye size, 
adults of the four North American genera of Cicindelidae can 
be divided into two groups (Table 12): Small Eye Group: eyes 
of representative adults of: Amblycheila schwarzi; Omus 


californicus. Large Eye Group: eyes of representative adults 


of: Megacephala carolina; Cicindela trangquebarica; Cicindela 
lepida; Cicindela belfragei. 


For clarification of eye size relationships of 
Brcoigderiditaxa, the Simitarity matrix (Table 13) is 
included. The data for Table 13 are summations of similar 
structures from Table 12. Based on these totals, there are 
trends in similarities within eye size groups and differences 
between these two groups among the cicindelids. Note that 
of 39 characters, small eyes of nocturnal A. schwarzi and 
O.gGakicornicusishare 21 characters; large eyes of crepu- 
scular M. carolina and diurnal C. tranquebarica adults share 
16° characters: “jAlso@ eyes of’ the adults Of Citcindeta spp. 
Share several attributes. 

Unlike the diurnal and crepuscular beetles, nocturnal 
cicindelids possess small eyes with fewer ommatidia and no 
interfacetal pegs. Smaller areas of visual fields are 
characteristic of these small beetle eyes as demonstrated 
by head, thorax, and elytral ratios, and from forward and 
dorsal Mollweide homolographic projections (Chapter 3). 


Corneal lenses are long in these beetle eyes, while 
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crystalline cones of diurnal-crepuscular large beetle eyes 
occupy a larger percentage of dioptric apparatus lengths. 
The dioptric apparatus occupies over half the ommatidial 
length in small-eyed beetles; but only approximately one- 
third the ommatidial length in the large eye group. Char- 
acteristic of large cicindelid eyes are crystalline threads 
almost twice as long as in the small eye group. Retinulae 
extend only slightly over one-third the ommatidial length 
of “the small @ye group but over half this length in the 
large-eyed beetles. Basal retinula zones are longer in the 
small eye group. There is also a similarity in nocturnal 
beetles concerning rhabdom zone volume and retinula and 
rhabdomeric volumes of ommatidia and compound eyes, all of 
which are smaller than volumes of the long retinulae and 


rhabdoms of large eyes. 


4.3.5.2 Eye Functional Categories 

When structures involved with function of cicindelid 
compound eyes are statistically analyzed, three functional 
categories can be inferred (Table 14): 

Functional Eye Category: 


Scotopic A: eyes of representative adults of: 


Amblycheila schwarzi 
Megacephala carolina 
Cicindela lepida 
Scotopic B: eyes of representative adults of: 


Omus californicus 
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Photopic: eyes of representative adults of: 


Cicindela trangquebarica 
Cicindela belfragei 


For clarification of functional eye categories of 
cicindelid taxa, the similarity matrix (Table 15) is included. 
The data for Table 15 are summations of similar structures 
from Table 14. Based on these totals, there are trends in 
similarities within eye functional categories and differ- 
ences among these three categories among the-ercande ids . 

Beetles included in the scotopic A functional category 
have relatively long antennae which may permit increased 
touch and olfactory stimulation in addition to sight. The 
thin corneal layers of these eyes are relatively then Dug 
the subcorneal layers are relatively thin. Eyes of adult 
A. schwarzi, M. carolina, and C. lepida have clear retinula 
zones and although less than half these retinula lengths are 
rhabdomeric, these rhabdoms have very large surface areas. 
Volume of rhabdom zones are greater in eyes of A. schwarzi 
than those of Q. californicus, its small-eyed counterpart; 
as it is larger in eyes of M. carolina than its large-eyed 
counterparts, C. tranquebarica, C. lepida, and C. belfragei. 
Percentage rhabdom zone volume of retinulae are smaller in 
scotopic A eyes due to the presence of clear retinula zones. 
However, total volume of the rhabdom per ommatidium is 
larger in scotopic A eyes as is percentage of rhabdom volume 
to retinula volume since the rhabdom has such a large sur- 


face area. 


We neey Mea ON ne ie Ce 

AC Seale ag, SPN 

bas f at 5 . by ry) rail ie a ibe ‘Vas o A 
Hay i" a Le Set ra ay AUN hy (f a ; “ 
4 nt Cait A eke 17 ee | 
rick a amano: ak se ston 
ste. 271 ues ov it a og ii laces eX a re Pay nits 
A L is ; er 0 oe Pat ie) 4 - + ; Wi yb 
: : ’ ned atebatoia a | 
’ hen Nd 


pertted sioba sisbntstd - oe 

to 2eivopstso sye tsnoksonue To sei ie 
Neat ae $ 

ob eh (at stdsT) Ate vitistimte ‘end gouge ee 


eA 


secwbowase dul tate Se anots sme ons ar alder, ot 


ehneayt eis areas .2efstod suens 0 bezs a ot olde 


eae 


aittb bas estroge etRS Tenottony? sys nts tw wile 


+f Ay ¥ 


pifoebatoto ed? onoms zearvoests2 sary sesdd nome 5 a8 OF 
wtso enotionut A giqotone ai? at bebutgnt ‘tolteat ba 


CARO 


18 
begsersnt Fhmysq Vow dot hw: eenned os ‘pool: lavisste: 


ye 


ait ‘.SAhote of nott fobs nt notdetuntse, wrosostte | ne : 


hie 
ti 


seed jo arouse | Ison 
ntfs yet svat sdie aes ghee 


ats , op sy | _ 
ay 
ne 


vats ulavission o15 as) 


Sighs to esya way ee 


satan ing 
a fon tips a 4 us i AR ae 


W 1a er 


ateiad mayst frennoods i 
“a af 1 eet bai A Bas 


etzons! atuntiey | mang 


bis , are 7 yeh: 
ebayh gostwe: i ee , 9vs canal ne ite 


one iF ss Poy 
nob 


call rr he 36 i. 


iva 
oz 
> 


at a 10 "i 
mn ay | aM, his, 
> 4 sqvesaves boven ism m att went 
yo, eel ie hg 

ry bs Wl 


ye 
beve~ap 1s | est ‘pee £3 ff To he 


tepavtted .2 bas wsbhast 
oe ar Ae 2 ane 


nt 4 ot foma ON6 saa: | . 
,2enot stuntaen Aneto Yo 0 99 Tre a 
) ae 
2 avtbtseame 796 q dobder 


re om ey ts , 
y wi 


ve ie 


ney Hob ders wow a 
“102 eset E oma al nobes 


¥ a " i ’ 
bud ih _ _ ch, 
‘ae EN rr 


hai 


Ae as 


es oa 
af she cae i +e 


7 8 


159 


Eyestno franca iforndicusi adults are scotopic B. Indivi- 
duals of this species have short antennae and although their 
eyes possess many small-eyed structural similarities with 
those of A. schwarzi adults (Table 14), they can be grouped 
into a separate functional category. Like scotopic A eyes, 
these eyes have thin subcorneal layers, but thinner, thin 
corneal layers. Unlike the scotopic A eyes, there is no 
clear retinula zone. Although almost twice the retinula 
lengths are occupied by the rhabdom zone, surface areas and 
volumes of the rhabdom are smaller as is percentage volume 
of the rhabdom to retinula volume in scotopic B than scotopic 
A eyes. Consequently, percentage volume of the retinula 
around the rhabdom and percentage volume of the rhabdom are 
larger in scotopic B ommatidia, but total retinula and 
rhabdom volumes are less in the whole scotopic B eye. 

C. tranquebarica and C. belfragei adults have photopic 
eyes. Like adults of 0. californicus, these beetles have 
short antennae. But based on eye size, these eyes share 
structural similarities to eyes of M. carolina adults since 
they are in the large eye group (Table 12). Photopic eyes 
of C. tranquebarica and C. belfragei adults have thick sub- 
corneal layers, but like scotopic B eyes, have thin}! than 
corneal layers, no clear retinula zone, and rhabdoms occupying 
almost the complete retinula length. Surface areas of rhabdoms 
are the smallest and rhabdom volumes are small considering 
retinulae lengths. Percentage rhabdom volume to retinula 


volume is very small but percentage of retinula volume sur- 
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rounding the rhabdom is very large. 


4.3.6 Eye Size Groups and Functional Categories of carabid 
Beetle Eyes Based on Measurements of Structures 
4.3.6). l-|Eve ‘Size Groups 
In Section 4.3.5, cicindelid beetle eyes were placed 
into two groups based on eye size and into three functional 
categories. To test convergence of eye structure and func- 
tion based on eye size, eyes of two carabid adults were 
Statisticallyscompared to four cicindelid sister taxa. 
According to the eye size, cicindelid and carabid 
adults have similar eye structures (Table 16). Eyes of 
P. melanarius fit the small eye group; E. americanus, the 
Farge eye groups For clarification of eye size groups of 
carabid taxa, the similarity matrix (Table 17) is included. 
The data for Table 17 are summations of similar struc- 
tures from Table 16. Based on these totals, there are trends 
in similarities within eye size groups and differences 
between these two groups among the cicindelids and carabids. 
Although eyes of the carabids have fewer ommatidia, 
eyes of diurnal E. americanus adults have more than eyes of 
nocturnal P. melanarius. Corneal lenses and crystalline 
Cones are longer and no interfacetal pegs are present in the 
nocturnal small carabid eyes. Lengths of crystalline threads 
of eyes of 0. californicus and E. americanus are similar, 
and crystalline threads of P. melanarius, and M. carolina 


eyes are similar in lengths. Basal retinula zone lengths 
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and diameters are similar in all these beetle eyes except 

in those of E. americanus where they are half as large. 

Eyes of P. melanarius adults have longer retinulae similar 
to those of 0. californicus adults. Volume of the rhabdom 
zone of the retinula and retinula volume per eye are similar 
in 0. californicus and P. melanarius adults, and adults of 
E. americanus, A. schwarzi, and 0. californicus since all 
these eyes have relatively short retinulae. Indicative of 
small eyes and nocturnal behaviour, both adults of A. schwarzi 
and P. melanarius have similar rhabdom volumes per eye but 
the carabid has a statistically similar volume to eyes of 

C. tranquebarica adults because retinulae of this carabid 
are so short. Rhabdom volume of E. americanus adults is 


exceedingly small. 


4.3.6!2 ,Eye Fuctional Categories 

Comparisons of functional aspects of the cellular 
organization for vision of cicindelid and carabid beetles 
show similarities (Table 18). Eyes of P. melanarius adults 
are grouped with eyes of 0. californicus adults in the 
scotopic B category; eyes of E. americanus adults in the 
photopic category with C. tranquebarica adults. .s°0r <claki- 
fication of functional eye categories of carabid taxa, the 
similarity matrix (Table 19) is included. The data for 
Table 19 are summations of similar structures from Table 18. 
Based on these totals, there are trends in similarities with- 


in the eye functional categories and differences among these 
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three categories among the cicindelids and carabids. 
Thickness of the thin corneal layer places eyes of 
P. melanarius close to those of A. schwarzi while the sub- 
corneal layer of eyes of E. americanus adults, though thicker 
than that of P. melanarius is similar to that in eyes of 
adult representatives of A. schwarzi, 0. californicus, and 
M. carolina. Diameters of retinulae of P. melanarius eyes 
are similar to those of 0. californicus, while basal zone 
diameters of the two carabid eyes are similar. Both lengths 
and widths of rhabdoms of P. melanarius eyes are similar to 
those of A. schwarzi adults, but the rhabdom of E. americanus, 
fikeminat of CC.  trangueparica adults, is exceedingly small 


with minimum surface area and volume. 


4.4 Discussion and Conclusions 


A401 °Dioptric“Apparatus 

Adult eyes of representative species of North American 
genera of Cicindelidae and Carabidae have a eucone three 
layered dioptric apparatus. Although Gissler (1879) 
observed corneal lens of adult Omus sp. and Cicindela sp. 
to be biconvex, and the cornea of adult Amblycheila sp. to 
be convex only interiorly, I have shown that adult eyes “of 
species of these genera to have biconvex lenses. Confusion 
regarding corneal lens shape possibly resulted because the 
lenses of A. schwarzi, M. carolina have relatively thick 


corneal layers which externally appear smooth. Thickness 
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of this layer may be important in understanding differences 
in eye function. A thick layer may scatter incident light 
over many lenses so that light is shared by adjacent 
ommatidia. Because this corneal layer is thinner in eyes 
of 0 Otcalifornicus', = tranguebarica, C. lepida, and C. 
belfragei adults, individual lenses are more distinctly 
separated and optical isolation is maintained between adja- 
cent ommatidia, possibly resulting in enhanced visual 
acuity. Scratches on this layer may result from burrowing 
or less likely from grooming activities. None of the thin 
corneal layers act as anti-reflecting coatings (Table 9) 
within the probable visible spectrum of 325 nm to 625 nm 
(Menzel, 1975b). The films are too thick, and if they were 
to function as anti-reflecting layers, they should be from 
606.3 nm to 1,166.0 nm thick for eyes of A. schwarzi and 

M. carolina; 812.5 nm to Vets 7a4unn for eyes of 60° 
californicus and C. tranquebarica adults. 

I introduced the term “subcorneal layer" for a struc- 
tural component of some insect ommatidia. An extension of 
the corneal lens often termed the "corneal process” 
(processus corneae) is observed in many diurnal lepidopteran 
eucone eyes (Eltringham, 1919; 19335 Nowikoff, 1931; and 
Yagi and Koyama, 1963a). Confusion in terms has led 
Goldsmith (1964) to state that in exocone compound eyes 
(sensu Grenacher, 1879), the "cone" is an inward projection 
of the corneal process and is therefore an extracellular 


secretion of the corneal lens, unlike the intracellular 
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secretion from four Semper cells of the cone in eucone 

eyes. Cones of lampyrid (Coleoptera) exocone eyes are an 
example (Horridge, 1969b; Seitz, 1969). Meyer-Rochow (1975) 
also uses the term corneal process for the "cone" in exo- 
cone beetle compound eyes. In eucone eyes of adult 
Creophilus erythrocephalus and Sartallus signatus (Staphy- 
linidae) Meyer-Rochow (1972) describes the proximal convexity 
of the corneal lens as the “corneal cone". Meyer-Rochow 

and Horridge (1975) continue to use the term corneal cone 

in describing eucone eyes of Anoplognathus pallidicollis 
Blanch (Scarabaeidae). Using a light microscope, a true 
subcorneal layer has been observed by Yagi and Koyama 
(1963a) in lepidopteran eyes which appears to be similar 

to the layer described here. Eyes of adult Notiophilus 
biguttatus F. and Loricera pilicornis F- (Carabidae) also 
have a subcorneal layer which Home (1976) terms the "proximal 
corneal layer". 

| Because of the confusion in terms of these components 
of corneal lenses, I use the terms in the following manner: 
corneal process (processus corneae): the extracellular 
extension of the corneal lens to form the "conse im exocone 
eyes (sensu Goldsmith, 1964; Meyer-Rochow, 1975). 

corneal cone: the proximal convexity of the corneal, lens of 
eucone eyes (sensu Meyer-Rochow, 1972; Meyer-Rochow and 
Horridge, 1975). 

subcorneal layer: the structurally distinct layer between 


the corneal lens and crystalline cone of eucone eyes. Pre- 
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viously termed the processus corneae (Eltringham, 1919; 
1933; Nowikoff, 1931; and Yagi and Koyama, 1963a), and the 
proximal corneal layer (Home, 1976). 

The fine structure of this subcorneal layer is 


described in Section 5.3.2.2. 


4.4.2 Interfacetal Pegs 

Both crepuscular and diurnal adult cicindelids and 
the diurnal carabid have interfacetal pegs between some 
corneal lenses. Nocturnal flightless cicindelids and the 
nocturnal carabid do not have these. Other adult beetles, 
capable of flight, such as Creophilus erythrocephalus F. 
and Sartalius signatus Sharp (Staphylinidae) also have 
interfacetal pegs (Meyer-Rochow, 1972).similar in size,and 
shape to those described here. According to Nesse (1965; 
1966) for Apis mellifica (= A. mellifera), Chi and Carlson 
(1976) for Musca domestica (Muscidae), and Honegger (1977) 
ror. Gry] lisecampestrissL. (Gryllidae), these interfacetal 
hairs function as mechanoreceptors to sense the direction 
and relative velocity of wind passing over the eyes during 
Flight.,,.See Sectione5.3.45for a description of the fine 
structure of these pegs, and Section 5.4.2 for a discussion 
of their probable mechanoreceptor function as revealed by 


electron microscopy. 


4.4.3 Retinula Cells and Rhabdoms 


It is important to emphasize that the difference in 


atl 


Riel mie 93 wuare ac 
odd baw ,(eeeer “eyed oe jdns t 
 gel@ROU canard) 9s 
et wayel. eee 
; | ong oui fhe notte: 
ra eon . een sista 
ne Lanes ee 
] bus. 2bhiebmists sTube Agmaneh bing ‘talapRuaerta 
amoe npewisd 2psg, fegsontaesnt avad vdenas 
ont? bas. ebffebntoto Re fanxwsaol aenet 
,ealtead tiubs, 1gnt0 929d eyed. fou eee 
> gulsiqecoundyse auligeons> 26 fpue Abt wa 
oven oets (sabtnh HeNapey ere’. MI EMD. | 


i 


bas ante ot, resi imhe. ibioiy 


~ 


Ly ps 


ae 


nofsoen fb ae, i 
gntiub 29Ke, we 

ak} and, 10,9 
notzewoeth 6. a 
“ed betaoyes. | 


ber se : aay) 
Aare Sails tes 


ae 


u92g09 tm od oe 


176 


retinuta and rhabdom structure of the cicindelid and carabid 
eyes investigated is not one of a change in cell number, but 
is a difference in cellular organization which results in 


varied functional abilities of these eyes. 


474.36F “ScotopicuA Eyes 

Retinulae of eyes of adults of A. schwarzi, M. 
carolina and C. lepida have a distal clear retinula zone 
or crystalline tract (sensu Déving and Miller, 1969), con- 
sisting of seven retinula cells which do not have a rhabdom 
at this level. Proximally, the retinula broadens and has 
a rectangular fused rhabdom composed of six rhabdomeres. 
A third level of retinula organization, the eighth or basal 
rhabdomere-bearing retinula cell, is located just distal to 
the basement membrane. Such a scotopic A retinula organiza- 
tion has also been observed in adult carabid beetle eyes 
such as those of Carabus auratus L. (Kirchoffer, 1905snt908; 
Bernard, 1932; Hasselmann, 1962), Steropus madidus Fab., 
and Eutrichomerus terricola Herbst (Bernard, 1932); Dytiscus 
sp. and Cybister sp. adults (Dytiscidae) (Grenacher, 1879; 
Exner, 1891; Kirchoffer, 1908; and Horridge, 1969a). These 
proximal fused rhabdoms are so large they occupy almost the 
complete proximal surface area of the eye. Evolution of such 
a rhabdomeric layer is an adaptation for reception of light 
from neighbouring ommatidia. From intraretinular electro- 
physiological recordings, Horridge t al. (1970) showed 


that dytiscid ommatidia have wide angles of acceptance. 
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Ray tracing in corneal’ lenses and crystalline cones show 
that visual acuity is poor in Cybister sp. adults, but 
summation of scattered light across the clear zone could 
confer a high sensitivity (Meyer-Rochow, 1973) “Eyes of 
cryptophilus adults of Notonomus sp. (Carabidae) and aqua- 
tic adults of Hydrophilus sp. (Hydrophilidae) have a 
similar tiered retinula like dytiscids (Horridge and 
Giddings, 197la). Like these other beetle eyes, ommatidia 
of cicindelid adults do have a distal rhabdomere associ- 
ated with the seventh retinula cell. However it was not 
possible to photograph it using light microscopy (see 
Section 5.3.5.1)". 

Scarab adults, Melontha vulgaris F. (Kirchoffer, 
1908), Oryctes rhinoceros (Bugnion and Popoff, 1914), and 
others (Grenacher, 1879) also have scotopic A functional 
eyes. Based on research on Repsimus manicatus Lea adults 
(Scarabaeidae), Horridge and Giddings (1971a) define the 
"neuropteran" type of compound eye as having a crystalline 
thread in the light-adapted state only, with retinula cell 
bodies extending to the tip of the cone only in the dark- 
adapted state. Eyes of Anoplognathus pallidicollis Blanch 
are also scotopic A and have a basal retinula cell (Meyer- 
Rochow and Horridge, 1975). Although dark and light adapta- 
tion experiments were not performed on scotopic A cicindelid 
beetle eyes, it is possible to assume that eyes of A. schwarzi, 


M. carolina and C. lepida adults are of the neuropteran 
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type (sensu Horridge and Giddings, 197la). Clear retinula 
zones in these cicindelid eyes probably function as 
suggested by Horridge, Ninham, and Diesendorf (1972) to 
permit a further increase in sensitivity in the dark-adapted 
state by allowing an increase in the acceptance angle of 
lenses and in the cross-sectional area of the- rhabdoms, 
without prejudice to acuity of the light-adapted eye. 
Optical mechanisms of summation of scattered light in clear 
Zone compound eyes are reviewed by Horridge, 1971; Kunze, 
1972; Horridge, Ninham, and Diesendorf, 1972; Diesendorf 
and Horridge, 1973; Horridge, 1972; 1974; and 1975b. 

A clear retinula zone is not confined to coleopteran 
compound eyes. Adults of Cloeon sp. (Ephemeroptera) 
(Horridge, 1976), and Chrysopa spp. (Neuroptera) (Ast, 1919; 
Horridge and Henderson, 1976) also have this retinula 
organization, as do some Lepidoptera: Heliothis zea Boddie 
(Agee, 1971), Heliothis virescens (Noctuidae) (Agee, 1972); 
Ephestia spp. (Pyralidae) (Umbach, 1934; Horridge and 
Giddings, 1971b; and Fischer and Horstmann, 1971), and some 
hesperiids (Yagi, 1951; Yagi and Koyama, 1963a; and Horridge, 
Giddings and Stange, 1972). 


A4gde3u2mbScotopiceb tEyes 

Like eyes of aduits of the closely-related genus 
Amblycheila sp. in the same subtribe Omina, scotopic B eyes 
of 0. californicus adults are eucone and have a thick diop- 


tric apparatus and a crystalline thread, but importantly, 
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they have no clear retinula zone. Instead, the rhabdom 
extends the full length of the retinula to the proximal 
eighth basal retinula cell. Although adephagans usually 
have a neuropteran type of scotopic eye as defined by 
Horridge and Giddings (1971a), these authors state that 
some adephagan eyes have long fused rhabdoms. In longi- 
tudinal section, ommatidia of P. melanarius (Section SoaSniut:\. 
Procrustes coriaceus L., Carabus glabratus Payk., and 
Broscus cephalotes L. (Carabidae) (Kirchoffer, 1908) also 
have broad fused rhabdoms and no clear retinula zones. 
Dorsal and ventral divided eyes of Gyrinus nator subtriatus 
Steph. (Bott, 1928), Gyrinus subtriatus (Wachmann and 
Schroer, 1975), Gyrinus natator L. (Burghause, 1976), and 
dorsal eyes of Dineutes assimilis adults (Gyrinidae) (Pappas 
and Larsen, 1973) are also of the scotopic B functional 
category. Ommatidia of Necrophorus sp. (Silphidae) 
(Grenacher, 1879), and acone eyes of Creophilus erythroce- 
phalus F. adults (Staphylinidae) (Meyer-Rochow, WOe72e) 3 
eucone eyes of Attagenus megatoma Fab. (Dermestidae) 
(Butler et al., 1970); and Anthonomus grandis Boheman 
(Curculionidae) (Agee and Elder, 1970) also do not have a 
clear retinula zone, but have a long fused rhabdom composed 


of various numbers of retinula cells. 


A wA..(Siatve eh Nowopaic Eyes 
Other adult carabid eyes have rhabdoms extended the 


full retinula length (Bernard, 1932; Home, 1976). These 
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eyes have three levels of rhabdom organization similar to 
those of Dytiscus marginalis adult eyes (Horridge, 1969a). 
However, like eyes of 0. californicus adults, there is no 
clear retinula zone but, importantly, the rhabdoms have less 
surface area. A greater reduction of rhabdomeric surface 
area and volume occurs in photopic eyes of diurnal cicindeiid 
adults of the genus Cicindela. From histological examina- 
tion of adult eyes of C. campestris L., C. silvatica Latr., 
andiCulhybrida b.4)Kirchoffer (1905) described these eyes, 
and in 1908 figured ommatidia of the first two species. 
Further examination of eyes of C. campestris by Friedrichs 
(1931) and Home (1976) confirmed the slender fused cruciform 
rhabdom structure. Swiecimski (1957) reported a similar 
retinula organization in eyes of C. hybrida adults, and I 
have also observed this cellular organization in eyes of 
adults of the following diurnal cicindelids: C. tranquebarica 
Herbst, C. belfragei Sallé, C. limbalis Klug, C. longilabris 


——$————— 


Say, C. limbata nympha Casey, and C. repanda repanda Dejean. 


Since these ommatidia do not have a clear retinula zone or 
a broad fused rhabdom, light is not scattered over adjacent 
rhabdoms and the eyes are photopic. Eyes of E. americanus 
also are photopic and although E. cupreus are active in the 
shade they have photopic eyes (Kirchoffer, 1908; Bauer, 
1974; and Home, 1976) as do heliophilus adults of E. 
riparius (Bauer, 1974). 

Rhabdom structure of these photopic eyes is similar 


to that of other diurnal insect eyes. Compound eyes of 
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damselflies Ishunura senegalensis and Cersion calamorum 
(Ninomiya et al., 1969), and the dorsal sector of the 
dragon-fly divided eye Aeschna cyanea Mill. (Eguchi, 1971) 
have a small fused rhabdom as do most diurnal lepidoptera 
(Yagi and Koyama, 1963a; Meyer-Rochow, 1971). Within the 
Hymenoptera, day-flying Apis mellifica (= A. mellifera) 
workers (Skrzipek and Skrzipek, 1971a) and drones (Perrelet, 
1970) have a slender fused rhabdom composed of eight 
retinula cells with a basal nineth retinula cell. Formica 
polyctena (Menzel, 1972) and Cataglyphis bicolor tk: 
(Formicidae) (Brunnert and Wehner, 1973) also have the 
hymenopteran cellular organization for vision. These pho- 
topic eyes have a greater spectral Sensitivity thansscotopic 
eyes (review: Menzel, 1975a) and have the ability to detect 
polarized light (reviews: Snyder, 1973; Wehner, 1976). 

Some hemimetabolous adults also have eyes having a slender 
central fused rhabdom composed of eight retinula cells: 
Locusta sp. (Locustidae) (Horridge and Barnard, 1965), 
Pteronemobius heydeni Fisch. (Gryllidae) (Wachmann, 1970), 
and Periplaneta americana L. CBilatti dae)pye(Butlerny?1973b). 


4.4.4 Pigment Cells 

In dark-adapted scotopic A eyes of A. schwarzi 
adults, pigment is concentrated in distal portions vof °the 
secondary pigment cells surrounding the crystalline cones 
and retinulae extend to the cone tips. The clear retinula 


zone is devoid of pigment, allowing light to be scattered 
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on adjacent rhabdoms for increased light intensity. Such 
a cellular organization corresponds to the dark-adapted 
scotopic eye of the neuropteran type (sensu Horridge and 
Giddings, 197la). Light-adapted scotopic A eyes of M. 
carolina and C. lepida have crystalline threads to direct 
light to individual rhabdoms, but the long clear zones are 
not surrounded by secondary pigment granules which suggests 
that light is scattered over adjacent rhabdoms. Dark- 
adapted scotopic B eyes of 0. californicus and P. melanarius 
and light-adapted photopic eyes of C. tranquebarica, C. 
belfragei, and E. americanus adults have distal aggregations 
of pigment granules surrounding crystalline cones and 
threads. Like photopic eyes of Apis mellifica L. (Kolb 
and Autrum, 1972), C. tranquebarica and C. belfragei eyes 
also have pigment granules along the retinula length. As 
postulated for these apid eyes (Varela and Wiitanen, 1970), 
I suggest that parallel light entering photopic cicindelid 
and carabid eyes is directed to the rhabdom for photo- 
transduction and oblique rays are absorbed at the level of 
the dioptric apparatus by secondary pigment granules. 
Optical isolation at the retinula level is maintained by 
an envelope of pigment along its length which prevents 
stimulation of the rhabdom by light coming from adjacent 
ommatidia. This presumably results in finer resolution of 
the image seen. 

Photomicrographs of optical paths through histological 


sections of these beetle eyes, indicate that light intensity 
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jn clear zone eyes of A. schwarzi (Fig. 46) and M. carolina 
adults (Fig. 48) is brighter than light at tips of crystal- 
line cones of eyes of 0. californicus (Fig. AF) wand eC. 
tranquebarica (Fig. 49), The difference in light intensity 
may be due to the ability of the former two eyes to scatter 
incident light over adajcent rhabdoms. 

Large pigment aggregations on the ventral aspect of 
the lamina ganglionaris and medulla interface are postu- 
lated to be reminants of six larval stemmata similar to 
that in other adult insect eyes (Weber, 1933), To prove 
this, an analysis of tissue organization of the pharate pupa 
would be required. Functionally, this pigment and glial cell 
pigment may prevent stimulation of retinulae by light enter- 


ing the eye antidromically through thin cuticular regions. 


4.4.5 Retinula Cell Axons 

I did not determine from light microscope Studies (in 
axons of similar colour sensitivity in an axonal bundle 
synapse in the same lamina cartridge as observed by 
Braitenberg (1967) in eyes of Musca domestica Meig. 
(Muscidae). Why the axons are comparatively longer in eyes 
of A. schwarzi is not understood, but a similar arrangement 
is also observed in nocturnal scotopic B eyes of Pas 
melanarius and in Steropus madidus Fab. adults (Carabidae) 
(Bernard, 1932). Axons of the other cicindelid and carabid 
beetle eyes are shorter, and these eyes have a lamina, 


medulla; and lobula grossly similar to photopic eyes of the 
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honey bee Apis mellifera L. (Ribi, 1975a), ant, Cataglyphis 
bicolor F. (Ribi, 1975b), and cockroach, Periplaneta 
americana L. (Ribi, 1977). To determine exact neural 
connections, Golgi silver impregnation (Ribi; 1974)5 
cobalt chloride filling (Strausfeld and Obermayer, 1976), 
or procion yellow infiltration (Dvorak et al., 1975) into 


axons and interneurones would be required. 


4.4.6 Significance of Evolution of Caracter States’ of 
cicindelid and carabid Beetle Compound Eyes 


Significance of differences in structure and function 
of compound eyes is approached through a phylogenetic 
analysis of tiger beetles. This is followed by considera- 
tion of taxa representing other families of adephagans. A 
general pattern is sought and its outlines are explained 
in terms of the relationship between ecology and diversifi- 
cation of evolutionary lineages. 

Evolution of character states of cicindelid and 
carabid bettle compound eyes are related to the reconstructed 
phylogeny (Fig. 113). For readers interested in keys, 
descriptions, and diagnoses of character states of ider 
beetle taxa, see Schaupp (1883); Leng (1902;1920); Bradley 
€1930); and Apnett (1968)% Fora discussion of character 
states determining cleavage points between tribes, see 
Horn (1908-1915; 1926); Bradley (1930); and Arnett (1968); 
for subtribes, see Thompson (1857); Horn (1908-1915); Leng 
(1920); and Wallis (1961); for genera within the subtribe 
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Omina, see Lacordaire (1843); Thompson (1857); Brous 

(1877); Schaupp (1883); Casey (1897); Leng (1902); Bradley 
(1930); Arnett (1946;1968); and Vaurie (1955); the genus 
Megacephala, see Thompson (1857); Schaupp (1883); Horn 
(1908-1915); Arnett (1946); and Willis (1969); the genus 
Cicindela, see Leconte (1857); Schaupp (1883); Leng (1902; 
1920); Horn (1908-1915); Bradley (1930); Arnett (194631968); 
Rivalier (1954); Wallis (1961); and Willis (1968). 

Ancestral stock of the Cicindelidae were probably 
related to Carabini of the family Carabidae. These primitive 
cicindelines invaded an ecological zone probably involving 
hunting of relatively large, active, heavily sclerotized 
prey, and larvae seizing prey from a fixed hiding place. 
Adults were probably nocturnal hunters and basically ground 
beetle-like in behaviour. They did not fly actively. Early 
divergence produced two lines, one of which initially 
retained the plesiotypic small, scotopic A eyes and 
nocturnal behaviours (the Megacephalini); the other acquired 
large eyes (ancestors of the Cicindelini). 

Within the Megacephalini, two major lineages deve- 
loped: the Omina, whose adults retained small eyes, and 
mainly nocturnal behaviour; and the Megacephalina, whose 
adults became crepuscular, acquired large eyes for 
stereopsis, but remained functionally scotopic A. Within 
the Omina, adults are secondarily fisight Tess "WAdUItsS OF 
Amblycheila plesiotypically have sma llescotopiaAueyes 


However, eyes of Omus adults have evolved scotopic B eyes 
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capable of finer image resolution for vision during more 
frequent diurnal activity periods. 

The Cicindelini became divergent and probably initi- 
aliy diversified in the shade of tropical forests, where 
representatives of many cicindeline genera now live. Early 
lineages were probably crepuscular. Probably one of the 
more recent lineages moved into more open areas (initially, 
perhaps, along stream margins), developed quick flight, 
which could have been a correlate of the superior binocular 
vision afforded by large eyes. A lineage with such proper- 
ties could have been ancestral to Cicindela, whose species 
became diurnal, and adapted for life in open areas. This 
taxon underwent an evolutionary flowering that produced an 
abundance of species on all continents (except Antarctica). 

Among the species of Cicindela whose eyes I examined, 
I found two functional types: the plesiotypic scotiop”d cAs 
and the apotypic photopic. Given only this information, 
one would be tempted to think that the taxa with scotopic 
A eyes were ancestral to those with the photopic eyes. 
However, I believe that the reverse is true, based on the 
following consideration. Photopic eyes and diurnal activity 
are characteristic of groups characterized by more primitive 
male genitalia, and hence believed to represent more primi- 
tive lineages of the genus. These species and the groups 
to which they belong (indicated by numbers (Freitag, 1974), 
based on Rivalier (1954)) are: Group 1A - C. repanda and 


C. LimBata;! Group lib e-4 G. longilabris; Group 1c - C. 
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limbalis; Group III - C. tranquebarica. On the other hand, 
adults of some taxa characterized by highly derived 
genitalia are crepuscular as well as diurnal, and have 
either photopic or scotopic A eyes. These are: Group X - 
C. belfragei, eyes photopic; Group XII - C. leptdayceyes 
scotopic A. Adults of C. pilatei (Group X) and C. 
lemniscata (Group XI) are active both in full light and in 
dim light, but their eyes have not been examined histo- 
fogicalklhy:. 

Becausecofdthe nattre of thercorrelationsy*>) infer 
that diurnal activity and photopic eyes are plesiotypic in 
Cicindela, and that crepuscular activity and scotopic A 
eyes are apotypic. Therefore, presence of the latter type 
of eyes in Cicindela represents an evolutionary reversal. 

Basically this phylogenetic framework provides a 
satisfactory continuity of evolution of eye function through 
nocturnal to crepuscular, and diurnal to crepuscular diel 
activity transitions. However, one abrupt change from 
nocturnal to diurnal is involved in the divergence of the 
Cicindelini from the Megacephalini. It must be mentioned 
that within the Cicindelini there are four subtribes con- 
taining a total of 16 genera which are more primitive than 
Cicindela (Horn, 1926). Eyes of adults of these genera may 
provide a smooth transition from ancestral small scotopic 
A eyes through large scotopic A eyes to still larger pho- 
topic eyes of Cicindela adults. 


Based on earlier classification (Lacordaire, 1843; 
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1854; and Thompson, 1857), an alternative reconstructed 
phylogeny can be provided. This places the crepuscular 
Megacephalina as the sister group of the diurnal Cicindelini. 
One can then propose that the ancestors of these two taxa 
were crepuscular, like the extant members of the Megacepha- 
lina. Thus a smooth transition is provided for evolution 

of photopic eyes as suggested above. I believe that Horn's 
hypothesis is more correct and suggest tratesnevhe (street 
sense ancestors of Cicindelini had crepuscular eyes. This 
hypothesis should be tested by examination of eyes of the 
more primitive taxa of Cicindelini. 

Using Horn's classification, several assumptions are 
required for the following events of evolution of cicindelid 
compound eyes: divergence in eye size; divergence in eye 
function; divergence in eye size and function; parallel 
acquisition of enlarged eyes; and reversion in function 
(but not in eye size) to an ancestral condition. Divergence 
in eye size alone is exhibited by evyolutdions of margemeyes 
in the Megacephalina; divergence in function alone, by 
acquisition of scotopic B eyes jn adults of Omus; divergence 
in eye size and function by evolving eyes of ancestral 
Cicindelini. Parallel evolution of eye size is exhibited 
by independent acquisition of large eyes in both Megacepha- 
lina and Cicindelini. Reversal in function is exhibited 
By. crow ten of scotopic A eyes by a highly derived lineage 
of Cicindela, C. lepida. Also, in other highly derived 
Cicindela, C. belfragei, there is a reversal from diurnal 
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to crepuscular diel activity, without change in eye 
function. 

Table 20 shows that based on my three functional 
categories, cellular organization in adephagan beetle eyes 
has undergone parallel evolution. Parallelism in function 
is identified in independent acquisition of scotopic B 
eyes among Cicindelidae (Qmus spp.), Carabidae (Pterostichus 
melanarius and other taxa), and Gyrinidae (Gyrinus spp.). 
Parallelism in eye size and function related to diurnal 
activity is shown by Cicindelidae (Cicindela spp.) and 
Carabidae (Elaphrus spp.). All families but Gyrinidae have 
living taxa with ancestral scotopic A eyes. The impression 
a6 that parallel acquisition of the derived types of eyes 
occurred many times. Reversion to an ancestral functional 
condition might be common, through probably less frequent 
than parallelism. 

It is important to recapitulate that modifications 
are based on eye size and on an alteration of Gelilular 
organization not on a change in cell number in ommatidia. 
Coadapted to nocturnal activity are small scotopic A eyes, 
scotopic B eyes to nocturnal but more frequent diurnal 
activity; to crepuscular activity, large scotopic A eyes 
(exception, large photopic eyes of C. belfragei); and to 
diurnal activity, large photopic eyes. 

The mechanism used to evolve large eyes from small 
eyes is addition of number of ommatidia with an accompanying 


shortening of the dioptric apparatus and increased retinula 
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Table 20. Functional eye categories of adephagan beetle 


adults. 


ee ee ae 


see a See ee 


Family 


Functional Eye 


Category 


References 


ee eee ee eee ee. 


Cicindelidae 


Carabidae 


Dytiscidae 


Gyrinidae 


Scotopic A 
Scotopic B 


Photopic 


Scotopic A 


Scoton1 eB 


Photopic 


Scotopic: A 


Scotopic 6B 


Séctionr4ssesaz 
Sectionst4e37 5.32 


Kirchoffer, 1905; 1998 
Friedrichs, 1931 
Swiecimski, 1957 

Home, 1976 

Sections 443¢auNc 


Kirchoffer, 1905; 1908 
Bernard, 1932 
Hasselmann, 1962 


Grenacher, 18/79 
Kirchoffer, 1905; 1908 
Bernard, 1932 

Section 4480682 


Kirchoffer, 1905; 1908 
Horridge and Giddings, 19/la 
Bauer, 1974; 1977 

Home, 1976 

Sectionhwe4éan6n2 


Grenacher, 18/79 

Exner, 1891 

Kirchoffer, 1905; 1908 
Horridge, 1969a 

Horridge et al., 19/0 
Meyer-Rochow, 1973; 1975 


Kirchofter, 1905; 1906 
Horridge and Giddings, 19/7la 
Pappas and Larsen, 1973 
Wachmann and Schroer, 1975 
Burghause, 19/76 
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length. The transition from scotopic A to scotopic B eyes 
involves elimination of the clear retinula zone by extension 
of the rhabdom the complete retinula length. Such a struc- 
tural modification only involves shortening of the retinula 
cells. Changes involved with elimination of the clear 
retinula zone and reduction of rhabdom surface area and 
volume evolve photopic eyes from large scotopic A eyes 

and converse relationships are required for the opposite 
transition. 

Because slight changes in internal structure have 
profound effects on function, it is fairly easy for evolv- 
ing groups to move from one adaptive zone to another, and 
hack again. “Such "snuTtts “are generally. correlated with 
speciation. This means an increase in diversity when such 
shifts occur, and ultimately they involve change in eye 
function. Therefore, it seems likely that the abTrrrey or 
eyes to respond quickly to selection 7s an integral com- 
ponent of evolution of diversity among the Adephaga in 


particular, and perhaps among insects in general. 
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a. Ovne got puckune ob (Photonic Eyes tot Mad és, 0Ff 


Cicindela tranquebarica Herbst 


Sale cin troduict ron 

Chapter 5 describes the fine structural cellular 
organization in eyes: of males of Cicindela tran- 
quebarica Herbst and discusses the functional morphology 
of this derived photopic eye. Also suggestions for further 
research are made. As reported in Section 4.4.3.3, other 
authors have histologically examined adult eyes of various 
Cicindela. Kirchoffer (1905) gave a general description of 
eves-of..C .j icampesitnis (iy CO. tsi lvatica Late: , “and. Ce hybrida 
L., and in 1908 amplified his descriptions to include figures 
of eyes tot- ithe, first: atworspecies’.: From observations: of 
structure of eyes of C. campestris and C. hybrida adults, 
Friedrichs (1931) corrected Kirchoffer's (1908) inaccurate 
description on the following three points: the nucleus of 
the eighth retinula cell lies proximal, not distal to the 
basement membrane; there are seven not six axons surrounding 
each basal retinula cell, and there appears to be 16 not 17 
secondary pigment cells. Swiecimski (1957) examined the 
eye structure of C. hybrida adults and analyzed the role of 
vision in prey capture behaviour (Section 3.4). 


I have examined the cellular organization in 


eyes of adults of C. limbata nympha Casey, C. limbalis 
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Klug, C. repanda repanda Dejean, C. longilabris Say (Sec- 
tion (42493.3)7eC 7 lépida Dejéan, “and C. belfrage 

Sallé (Section 4.3.2). Home (1976) has examined some 
aspects of the fine structure of the eyes of C. campestris 
adults. Her description deals mainly with the retinulae of 
this insect and she does not give a detailed account of 
other eyes structures. In the following treatment, struc- 
tures between the corneal Jens and lamina ganglionaris of 


the eyes of C. tranquebarica males are described. 


5.2 Materials and Methods 

For light microscopy (LM) wax sections 10 to 12 um 
thick, were prepared as in Section 4.2. Araldite sections 
1.5 um thick, were stained at 80°C with 1% periodic acid 
then with 1% Maliory's Azur II containing an equal volume 
of 1% methylene blue in 1% borax solution (Richardson et al., 
1960), or at room temperature in saturated Sudan III in 70% 
ethanol (de Martino et al., 1968). Slides were mounted with 
Permount and with glycerine respectively. Representative 
photographs were taken with a Carl Zeitz Ultraphot II on 
Kodak Plus-X, Pan Professional, 10.2 x 12.7 cm sheet film. 

Eyes to be observed by Nomarski interference micro- 
scopy (NIM) were fixed, dehydrated, embedded, sectioned, 
and photographed as in Section 4.2. 

For SEM examination of their cellular organization, 
eyes were fixed in 3% glutaraldehyde for 2 h and post-fixed 


for 1 h in 1% osmium tetroxide, at pH 7.4 in Millonig's 
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phosphate buffer with sucrose (Millonig, 1961). They were 
dehydrated through a graded series of ethanols then trans- 
ferred to 100% amyl acetate for critical point drying with 
carbon dioxide in a Denton Vacuum DCP-1 dryer. After dry- 
ing, eyes were fractured with a razor blade (Carlson and 
Larsen,.1972a,.and b; Garison.and.Chi,.1974;.and Chi and 
Carlson, 1975). An alternate method used was to cryofrac- 
ture eyes in liquid nitrogen (Nei, 1974). After ervitical 
point drying, eyes were exposed to osmium tetroxide vapours 
overnight. Fractured eyes were carbon and gold coated to 
a thickness of 15 to 20 nm using an Edwards 12E vacuum evapo- 
rator and were then examined using a Cambridge Stereoscan 
S4, scanning electron microscope (SEM) at accelerating vol- 
tages of 20 to 30 kV. Representative photographs were taken 
on Kodak Plus-X, Pan Professional, PXP-120 roll fi ln. 

For transmission electron microscopy (TEM), eyes were 
fixed in 3% glutaraldehyde for 4 h and post-fixed for 1 1/2 h 
in 2% osmium tetroxide in Millonig's (Millonig, 1961) phos- 
phate buffer with sucrose at pH 7.4 (Perrelet, 1970). After 
ethanolic dehydration and propylene oxide treatment, eyes 
were embedded in araldite 502 (Luft, 1961). Longitudinal 
and transverse sections were cut at a thickness of approxi- 
mately 60 nm using glass knives in a Reichert OmU,, ultra- 
microtome. Sections were transferred to 200 mesh copper 
grids having a 0.25% formvar (polyvinal formal) in ethylene 
dichloride support film (Hayat, 1970). Sections were stained 


for 5 h in saturated aqueous uranyl acetate followed by a 
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3 min. stain in 0.02% aqueous lead citrate (Venable and 
Coggeshall, 1965). Grids were examined using a Phillips 
EM 201C at 60 kV accelerating voltage. Photomicrographs 
were taken on Kodak Fine Grain Positive 35 mm film. 

Eye tissue to be freeze-etched was fixed for 2 h in 
3% glutaraldehyde in Millonig's phosphate buffer with suc- 
rose and then transferred to 30% aqueous glycerine. Tissue 
was then rapidly frozen in freon (dichlorodifluorome thane) 
at its fusion point of -155°C (Moor, 1971). Frozen material 
was then placed on the pre-cooled stage at ~ 15056 odare 
Balzers BA 360M high vacuum freeze-etch unit, then fractured 
and evaporated with carbon and platinum (Perrelet et al., 
1972). Tissue from thawed preparations was digested using 
a 40% solution of chromic acid. Ajax detergent-washed 
replicas were placed on 0.25% formvar-coated, 200 mesh copper 


grids and examined using a Phillips EM E20... 


5.3 Results 


5.3.1 General Features 

Figs. 114-117 show the general organization of the 
eye of Cicindela tranquebarica males. Fig. 114 is a frontal 
section through a left eye. Ommatidia near the frons (fo) 
which function in stereoscopic vision (Section a e)eare 
longest; followed by the cervical ommatidia (co), which also 
function in binocular vision (Section 73). -onortes: are 
the medial ommatidia (mo) used for monocular vision (Section 
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114-117. Longitudinal sections of eyes of Cicindela 


114, 


TES 


Liz. 


tranquebarica adults. Shown are: corneal 
fens (1); sSubcorneal layer (cl); crystalline 
cone (c); crystalline thread (ct); retinula 
rhabdom zone (rr); rhabdom (r); basal 
retinula zone (br); basement membrane (bm); 
axons (a); lamina ganglionaris (1g); 
secondary pigment cells (2p); basal pigment 
cells (bp); frontal ommatidia (fo); medial 
ommatidia (mo); and cervical ommatidia (co). 


LM of a wax section. 
Scale = 250 um 


LM of an araldite section. 
Scale = 100 um 


NIM of a wax section. 
Scale = 100 um 


SEM cryofracture. 
Scale = 100 um 
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compound eye of this cicindelid beetle. The fine structure 
of this eye is described in detail in the following sections 


and is summarized “in fig. 193. 


§.3.2 Dioptric Apparatus 

The dioptric apparatus consists of a bitonvex, hexa- 
gonal, corneal lens (1), subcorneal layer (cl), and a cry- 
statiine cone (c) (Figs 138). The thin corneal layer: (t) 
75 only 1.65 wm thick (Table 7; Section Rae eo iter 


Hesce ls Lorne al wens 

The corneal lens is 50.6 um long, and 18.7 um in dia- 
meter and consists of lamellae (1m) of exocuticle (Fig. (118) 
which are best seen in freeze-etch preparations (Fig. 119). 
Thin transverse sections through the lens reveal a spiral 
conformation of lamellae (1m) (Fig. 120). The spiral is 
tighter in the centre of each lens. Lamellae have differing 
refractive indices since phase changes in polarized Tight 
transmitted through unstained sections can be observed using 


NIM. 


Staci couUbcorted! Layer 

The subcorneal layer (cl) as defined in Section 4.4.1 
is situated between the corneal lens (1) and crystalline 
cone (c) (Fig. 121). It is approximately 11.7 um in diameter 
and 0.6 um thick. Cryofracture SEM observations of this 


layer (Figs. 122, 123), show that both its distal (Fig. 122), 
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Fig. 118. (SEM cryofracture of “ongitiidinal seer1o0wc. 
dioptric apparatus, showing biconvex hexagonal 
corneal lenses (1); lamellae of exocuticle (1m); 
thin corneal layer (t); subcorneal layer (cl); 
crystalline cone (c); and secondary pigment 
ced ]is. (2008 


Scale = 10 um 


Fig. 119. TEM freeze-etch of longitudinal section of 
corneal lens, showing exocuticular lamellae (1m). 


Scale =(045)am 


Fig. 120. ) TEMJoT) trensyvewer section through corneal lenses, 
showing spiral conformation of lamellae (Im). 


Scale = 1 um 
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Fig. 121. LM of lVongitudinal section througn dioptric 
apparatus, showing corneal lens (1); subcorneal 
layer (cl); crystalline cone (¢); crystalline 
thread (ct); primary pigment cell nucleus (n); 
and secondary pigment cells (2p). 


Scale = 10 um 


Fig. 122. SEM cryofracttire Of distal surfaces yor cu] 
corneal layer, showing polygons (po) of 
endocuticle. 


Scale = 5 um 


Fig. 123. Same, of subcorneal layer, showing polygons (po); 
crystalline cone (c)y Semper’s cells ($s): and 
secondary pigment cells (2p). 


Scale = {2am 


Fig. 124. Same, of subcorneal jiayer, showing lamellae of 
endocuticle (Im); crystalline cone (c); 
Semper's cells (s)3; primary pigment cells (1p); 
and secondary pigment cells (2p). 


Scale = 1 um 
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and proximal (Fig. 123) surfaces consist of the outlines 

of 11 "cellular" polygons (po) each approximately 5 um 
across. The subcorneal layer is lamellated (Fig. F2455 

In section these lamellae appear to consist of parabolae of 
endocuticular microfibrils (mf) (Figs. 125-127). Towards 
the corneal lens (1) (Fig. 125), the lamellae are thicker 
and their microfibrils (mf) have what may be protein (pr) 


deposits (Neville, 1975) along their lengths Gz e (Moe 


Gua, Coe Ur yS tan ane. Cone 

The crystalline cone (c) is concave distally (Fig. 
128). It is approximately 53.5 um long and has a maximum 
diameter of 25.8 um. Four equal-sized quadrants form the 
cone, each of which is separated from its neighbour by a 
transparent Semper cells (s) (Figs. 123, 1245. 12; L293) ' 
The nuclei (n) of these Semper cells lie beneath the lens 
(1) (Fig. 125).)- Thin sections (Fig. 129), show the crystal- 
line cone to be granular, particularly peripherally. The 
central region of each cone quadrant is less electron-dense 
than their peripheral region. The four Semper cells 
surrounding the cone contain mitochondria (m), and micro- 
tubles (mt), while primary pigment cells (Ip) contain mainly 
polysomes (arrows) and a few mitochondria (m) (Fig. 130). 
A freeze-etched preparation (Fig. 131) of a section similar 
to that of Fig. 130 shows stippling (arrows) of the primary 
pigment cell (1p) unit membranes. This stippling of protein 


on the "protoplasmic face" (pf) (Branton et al., 1975) could 
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126, 


TEM of longitudinal section of dioptric apparatus, 
showing lamellated corneal lens (1); lamellated 
subcorneal layer (cl); two quadrants of the 
crystalline cone (c); nuclei (n) of Semper 
cells; primary pigment cells (1p); and secondary 
pigment cells (2p) 


Scale = 2 um 


Same, of subcorneal layer, showing lamellae (1m) 
consisting of parabolic endocuticular micro- 
fibrils (mie | 


Scale = 2 um 


Same, of lamellae of endocuticle, showing micro- 
fibrils (mf) of endocticular lamellae with 
protein (pr) deposits along their lengths. 
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128. 


123. 
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SEM cryofracture of a crystalline cone (c), show- 
ing concave distal surface, and four quadrants 
limited by four Semper cells (s). 


Scale = 5 um 


TEM of transverse section through a crystalline 
cone (c), showing the granular appearance of the 
four quadrants; Semper cells (s); primary pig- 

ment cells (1p); and secondary pigment cells (2p). 


Scale = 2 um 


Same, showing Semper cells (s) containing 
mitochondria (m) and microtubules (mt); and 
primary pigment cells (1p) containing polysomes 
(arrows); and mitochondria (m). 


Scale = 1 um 


Same, freeze-etch. Note granular appearance of 
crystalline cone (c) surrounded by Semper cells 
io and protein (arrows) on the pf face of the 

primary pigment cell (1p) unit membrane. 


Scale = 1] um 
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be intramembranal manifestations of some kind of desmosome. 


5.3.3 Crystalline Thread and Primary Pigment Cells 

Closely applied, proximal extensions of the four 
Semper cells form the crystalline thread. Fig. 132 shows 
a transverse cryofracture section through the crystalline 
thread (ct) with surrounding primary pigment cells (Ip). 
Approximately 16 secondary pigment cells (2p) radiate to 
form a stellate pattern around these cells. Transverse sec- 
tions of the thread (ct) examined by TEM (Fig. 133) show it 
to be of four parts. The surrounding primary pigment cells 
(1p) contain nuclei (n) at the proximal level of the thread 
(see also Fig. 121). Septate desmosomes (d) (Locke, 1965) 
occur between primary pigment cells (Fig. 133). Primary 
pigment cells do not contain pigment granules. Fig. 134 
indicates that the cytoplasm of these cells is rich in 
rough endoplasmic reticulum (rer), which suggests that they 
are active in protein synthesis. Examination of the cry- 
stalline thread (ct) at higher magnification (Fig. 135), 
shows that microtubules (mt) are its major cellular inclu- 
sion. Longitudinal sections (Fig. 136) show these micro- 
tubules to be aligned parallel to the vertical axis of the 
thread. The crystalline thread is approximately 1.2 um 
in diameter. The four strands of the crystalline thread 
separate and extend proximally to form inter-retinular 
fibers (f) (Waddington and Perry, 1963) between retinula 
6611s: 1/2. 3/4, 5/6; and 7/1 (Fig. 137). Microtubules (mt) 
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134. 


135. 


SEM cryofracture of transverse section through 
a crystalline thread (ct) surrounded by primary 
pigment cells (1p) and a stellate arrangement 
of 16 secondary pigment cells (2p). 


Scale = 2 um 


TEM of transverse section through a crystalline 
thread (ct), showing four quadrants surrounded 

by two primary pigment cells (1p) each contain- 
ing a nucleus (n) and cytoplasm rich in rough 
endoplasmic reticulum (rer). Note septate 
desmosomes (d) between primary pigment cell 
membranes. Secondary pigment cells: (2p) contain- 
ing nuclei (n) and pigment granules (p) surround 
these structures. 


Scale = 2 um 


Same, through a crystalline thread (ct) and pri- 
mary pigment cells (1p) rich in rough endoplasmic 
reticulum (rer). 


Scale = 1 um 


Same, through four crystalline thread quadrants, 
showing microtubules (mt). 


Scale = 200 nm 
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TEM of longitudinal section through crystalline 
thread pean showing microtubules (mt). The 
thread is surrounded by primary pigment cells 
(1p) containing rough endoplasmic reticulum 
(rer). Secondary pigment cells (2p) envelope 
primary pigment cells. 


Scale = 1m 


Same, of transverse section through distal 


- rhabdom (r), showing inter-retinular fibers 


(f) between retinula cells 1/2, 3/4, 95/6. and77ae 
Scale = 1 um 


Same, through an inter-retinular fiber, showing 
microtubules (mt) within its cytoplasm. Note 
spot desmosome (d) near the rhabdom (r). 


Scale = 250 nm 
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are still present in the thread at this level. Spot desmo- 
somes (d) of retinula cells are medial to these inter- 


retinular fibers (Fig. 138). 


5.0.4. intertacetal Pegs 

Scattered between some corneal lenses (1) are interface- 
tal cuticular pegs (cp) (Fig. 139) conical in shape and approxi- 
mately 2.3 um in diameter and 3.1 um high. In longitudinal sec- 
tion (Fig. 140) these pegs (cp) can be seen to have a cuticu- 
lar socket (so) which sits on an articulating cutucular mem- 
brane (mb). The location of this is speculated. Fig. 147 shows 
a dendritic sheath (ds) (=cuticular sheath, scolopale) and in 
Fig. 142, nuclei (n) of the inner (=trichogen) (i) and outer 
sheath cells (=tormogen) (0) (inner and outer sheath termino- 
logy from personal communication with R.Y. Zacharuk). Trans- 
verse sections of the distal portion show the cuticular peg 
(cp) and socket (so). Suspension fibers (sf) connect the peg 
and socket (Fig. 143). Distally, the dendritic sheath (ds) 
is surrounded by the cuticular peg (cp) and socket (sp) (Fig. 
144). This sensillum has a single bipolar neuron. Fig. 145 
shows a distally located tubular body (tb), approximately 
630 nm in diameter, surrounded by the dendritic sheath (idist)y, 
These Peedi pes are surrounded by corneal lenses Cloth 10% 
145). The tubular body consists of numerous longitudinally 
oriented microtubules (mt) interspersed with electron-dense 
substance, and is surrounded by a large lumen (lu) (Fig. 


146). More proximally is a cilium Feioe kids. cba? 148) 
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140. 


141, 


142. 


1433 


144, 


SEM of axcusicular peg 


(c 
mechanoreceptor situated 
] 


) of an interfacetal 
@ 


p 
between corneal lenses 


Scale = 2 um 


LM of longitudinal section of a cuticular peg 
(cp) and socket (so) which sits on an articulat- 
ing membrane (mb). 


Scale = 10 um 


Same, of the dendritic sheath (ds) of an inter- 
facetal mechanoreceptor. 


Scale = 10 um 


Same, of the inner (i) and outer sheath cells 
(o), showing nuclei (n) 


Scale = 10 um 


TEM of transverse section through a cuticular 
peg (cp) and socket (so). 


Scale = 1 um 


Same, through dendritic sheath (ds) surrounded 
by the cuticular peg (cp) and socket (s0)0" Nore 
suspension fibers (sf). 


Scale = 1 um 
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147. 


148. 


149, 


150s 


TEM of transverse section through a tubular body 
(tb) surrounded by a dendritic sheath (ds). 
Corneal lenses (1) surround these structures. 


Scale = 1 um 


Same, showing longitudinally oriented micro- 
tubules (mt) and electron-dense substance. A 
lumen (lu) surrounds the tubular body. 


Scale = 500 nm 


Same, through cilium (ci) surrounded by a 
dendritic sheath (ds) and sheath cells (sc). 
Note corneal lenses (1) and secondary pigment 
cells (2p). 


Scale = 2 um 


Same, showing cilium (ci) containing 11 peripheral 
microtubular doublets and five central singlets. 
Note dendritic sheaths (ds); inner (i) and outer 
sheath cells (0); four accessory eipthelial cells 
(e); microtubules (mt); mitochondria (m); septate 
desmosomes (arrows); and lumen (lu). 


Scale = 1 um 


Same, through a basal body (bb) of cilium. Note 
that the dendritic sheath (ds) only partially 
surrounds this seruccure’. 


Scale = 2 um 


Same, through nucleus (n) of neuron (largest cell) 
and inner and outer sheath cells. Cells contain 

eee (m) and rough endoplasmic reticulum 
rer). 


Scale = 2 um 
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containing 11 peripheral microtubular doublets and five 
Central singlets. Phe -cilitum is approximately 625, nm in 
diameter and is enclosed by the dendritic sheath (ds). This 
dendritic sheath is surrounded by an inner (i) and outer 
sheath cell (0), and four accessory sheath cells (e). Sept- 
ate desmosomes (arrows) are present between the sheath cell 
membranes and microtubules (mt) and mitochrondria (m) are 
within their cytoplasm. Sheath cells are adjacent to a 
large lumen (lu), and corneal lenses (1) and secondary pig- 
ment cells (2p) are also seen at this level. The cilium 

has a basal body (bb) (= centriole, kinetosome; Wolfe, 

1972) which lies parallel to the vertical axis of the inter- 
facetal mechanoreceptor (Fig. 149). The dendritic sheath 
(ds) only partially surrounds this structure. Nuclei (n) 

of the sheath cells and neuron are more proximally located 
(Fags. 150, 151). Netirotubules are present jn the cyto- 
plasm of the neuron. Sheath cells contain: mitochondria 

(m) and rough endoplasmic reticulum (yer). - inherevare no 
septate desmosomes between sheath cells at this level (Figs. 
150, 151). Figs. 151, 152 show the axon (a). The axon 
(Fig. 153) contains: mitochondria (m), rough endoplasmic 
reticulum (rer), neurotubules (arrows), and what may be a 
Vacuole (v) or.a fixation artifact. Three sheath cells 
surround the axon; the third is probably the basal or neuri- 
lemma cell (nu). All sheath cells contain pigment granules 
(p) at this level. Because of the density of pigment 


granules in secondary pigment cells (2p) of the eyes, it 
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153. 


TEM of transverse section through nucleus (n) 
of one sheath cell and lumen (lu) of the other: 
Note axon (al. | 


Scale = 2 um 


Same, through lumina (lu) of sheath cells and 
axon (a) of neuron. 


Scale = 2 um 


Same, through axon, showing mitochondria (m); 
rough endoplasmic reticulum (rer); and neuro- 
tubules (arrows); and vacuole (v). Note inner (i) 
and outer sheath cells (0) and the neurilemma 
sheath cell’ {nu}: All sheath cells contain 
mitochondria (m); microtubules (mt); rough endo- 
plasmic reticulum (rer); and pigment granules 

(p). The axon is also surrounded by secondary 
pigment cells (2p). 


Scale = 1 um 
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154, 


Diagrammatic longitudinal section of an inter- 
facetal mechanoreceptor of Cicindela 
tranquebarica, showing cuticular peg (cp); 
socket (so); articulating membrane (mb); tubular 
body (tb); dendritic sheath (ds) enclosing a 
ciltum.(e1)© basal bodies (bb) of civtdiunm 
nucleated inner (i) and outer sheath cells (0); 
axon (a); neurilemma sheath cell (nu); corneal 
lens (1): subeorneal Tayer (cl): crystatiine 
cone (c); Semper's cells (s)3; and secondary 
pigment cells (2p). 


Scale = 20 um 
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was not possible to trace the axon of the neuron to the 
central nervous system. Fig. 154 shows the principal struc- 
tural components of the interfacetal mechanoreceptor sen- 


s$illum. 


5.3.5 Retinula and Secondary Pigment Cells 


5.3.5.1 Distal Retinula Cells 

The crystalline thread (ct) connects the dioptric 
apparatus to seven long retinula cells. Nuclei (n) of these 
cells are located distally (Fig. 155). Transverse cryo- 
fracture sections through the retinula at this level (Fig. 
156) show seven retinula cells with nuclei (n) enclosing a 
central, distal rhabdom (r). The retinula is surrounded by 
secondary pigment cells (2p). The seventh retinula cell 
(7) appears to be vacuolated. A thin section at this level 
(Fig. 157) shows that the distal rhabdom (ry) UCconsistsnor 
microvilli from only retinula cell seven. Distances between 
spot desmosomes (d) of adjacent retinula cells, indicate 
that retinula cell seven is wider than the other six at 
this level (Fig. 158). Fig. 159 shows a freeze-etch sec- 
tion through the distal retinula showing pf and ef ("“extra- 
cellular or exoplasmic face" of the membrane revealed by the 
fracture process; Branton et al., 1975), of the microvilli 
of the rhabdom. TEM shows the cytoplasm of retinula cell 
seven to be rich in mitochondria (m) suggestive of a cell 


active in oxidative phosphorylation (Fig. 160). This part 
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LM of longitudinal section of junction between 
crystalline thread (ct) and seven retinula 
cells, showing their distal nuclei (n). 


Scale = 10 um 


SEM cryofracture of transverse section through 
distal retinula zone, showing seven retinula 
cells, some with nuclei (n), enclosing a central 
rhabdom (r). The seventh retinula cell (7) 
appears vacuolated. Secondary pigment cells 
(2p) surround the retinula. 


Scale = 5 um 


Same, TEM. 
Scale = 5 um 
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TEM of transverse section through distal rhabdom 
(r), showing spot desmosomes (ds between 
adjacent retinula cells. Note that retinula 
cell 7 is Varger than the others and) that ic 
alone forms the rhabdom. 


Scale = 1 um 


Same, freeze-etch, showing pf and ef faces of 
rhabdom microvilli and nuclei (n) and mitochondria 
(m) of -vetinuda, cells. 


Scale = 1 um 


TEM of transverse section through distal rhabdom 
(r). Note mitochondria (m) within retinula 
ees a 


Scale = 1 um 


Same, freeze-etch, showing microvilli of rhabdom 
(r)3;. nucleus (n) of retinula cell; and inter- 
retinular fibers (f). 


Scale = 1 um 
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of the distal rhabdom has its microvilli aligned parallel 
to the longitudinal axis of the retinula (Figs. 158, 160, 
161) and these are approximately 900 nm long and 80 nm in 


diameter. They contain amorphous material in their lumina. 


5.3.5.2 Proximal Retinula Cells 

Transverse sections through the proximal, fused rhab- 
dom reveal seven retinula cells: six of similar structure, 
but a dissimilar seventh retinula cell positioned laterally 
(Fig. 162). Each of the six normal retinula cells are rich 
in mitochondria (m), rough endoplasmic reticulum, polysomes, 
and Golgi lacunae (1a) are dispersed throughout their cyto- 
plasm. Spot desmosomes are located between adjacent 
retinula cells. Some pigment granules (p) are located near 
the periphery of these cells, and the retinula is enveloped 
by secondary pigment cells (2p) (Fig. 163). At higher magni- 
fication, this proximal rhabdom (r) (Fig. 164) is rectangular 
jn transverse section. Microvilli of two retinula cells 
(i.e., 1, 2) each contribute a rhabdomere on a long side 
of the rhabdom; but only one (i.e., 6) makes up each short 
side. Microvilli of the two short sides are arranged per- 
pendicular to the four rhabdomeres of the long sides. Micro- 
villi are approximately 2 um long and 80 nm in diameter. 
Retinula cells twist along their length such that individual 
cells change position along the length of an ommatidium. 
Retinula cell seven (Fig. 165) does not contribute to the 


rhabdom at this level. Cytoplasmic inclusions of these cells 
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164. 


VOD 


TEM of transverse section through proximal 
rhabdom zone. Shown are six retinula cells 
enclosing a central fused rhabdom (r) with the 
seventn retinula cell positioned laterally. 


Scale = 5 um 


Same, through proximal retinula cells, showing 
rhabdom (r); mitochondria (m); Golgi lacunae 
(la); pigment granules (p); and secondary pig- 
ment cells (2p) 


Scale = 2 um 


Same, through proximal, rectangular rhabdom 
(rr). Microvilli of two retinula cells coantri- 
bute a rhabdomere on each long side of the 
rhabdom and one on each short side. Retinula 
cells are numbered 1-6. 


Scale = 1 um 


Same, through seventh retinula cell, showing 
mitochondria (m); possible polysomes (arrows); 
and Vacuoles (v). This cell does not contritute 
to the rhabdom at this level. 


Scale = 200 nm 
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include: mitochondria (m), possible polysomes (arrows), and 
vacuoles (v). Fig. 166 is a longitudinal section through the 
proximal rhabdom (r), showing a perpendicular arrangement of 
adjacent microvilli. Near the rhabdom (r), multivesicular 
bodies (mvb) about 0.5 um in diameter and consisting of a 
single unit membrane enclosing a variable number of smal] 
membrane-bound vesicles are present (Fig. 167). There are 
extracellular spaces (esp) between the bases of microvilli. 
Also present in the retinula cytoplasm are spherical lamellar 
or onion bodies (on) approximately 1.2 um in diameter con- 
taining concentric membrane whorls (Fig. 168). These mem- 
branes are also found in extracellular spaces between reti- 
nula cells associated with modified secondary pigment cells 


Peo) ert. 169). 


5.5 5s) CT iary, ssructures 

Proximal to the nucleus of each retinula cell are two 
basal bodies (bb) (= centriole, kinetosome) Genter Aen 
These are aligned perpendicular to each other with the dis- 
tal basal body (Fig. 171) at right angles to the longitudinal 
axis of the ommatidium and the proximal basal body parallel 
to it (Fig. 172). The proximal basal body consists of nine 
microtubular triplet sets enclosing a central hub. . Eighteen 
electron-dense tubules (arrows) surround the triplet sets. 
This basal body is approximately 281 nm in diameter. Two 
fibrillar feet (ft) extend from the proximal basal body and 


fuse proximally, appearing in transverse section as an open 


Pee iif 
‘ ‘ ; an 1 Aaa b | a. 
Sh 4 § fi KS |, ae ah | ee The 
bs a +) b 4 i wk - : 
YF ek 7 ad i J iJ 
’ a 3 ; eat ni ¥s 
ae 


bite . ( awoyrs) sonozeiog Na enes 

ait Apwords nofioee pie ont 
9 JasmepnenTe rstuotbn _ 

vefuotesvrgrtom (99 me 

s to gnttietenca bas ae etlaias 

ifoeme, to YeoRun steabagy 5 ial baeiiiaed ni | 

ais exant {iat 2) penne avs 2abatepwh - | 

Ltt tiworo tin ¥e eeead ons Haeu? 9d {qza) ae2ege Nis | 
ifoasi lasPyetge avs meet goss siuntyer ont at | ag 

-1on petemerh at my $.1 Kloten txorags (no) a 


a ] 


io 


a 


~pam saoiT , (ear “QTR, efyodw soesdmant atts 
~hiey Agewied 2e58g2 nalublanents at baue? reve . 
ei{eo tuempta yrabaooee bert tbon ijtw betstoase@ @ ; i 


y « ~ "4 
ae rg : eat era) - 
1 


prernen ure Arto & 
ha 24! 


owt exe (fs9 stuntiey tone Yo. ust one all To 
Cost pte) (20-26% ta ‘esto | ¢) 
) seth om igitw vente a. 
“Teutbustgne! sae of zof oni tig 
fottousq ybod Teese ‘ember 04 
enti to edetenos ubok Tea r ts 
rsotdpha . .dun fendives: has 
eoee aelqiad ais baw vie Co mt" 
OWT .tsdomere it mat 198 ner 
ban bud Teeed Tomixong oad ont 
990 86 aa NOTA wet a 


mm 7 wh) - ' it 7: 
aT a eee re Sea, ae 


Yi anil 


9 


a ay, 
ao, ie, 
‘e Med Ae mh be ‘i i 


ee 


ot 


m haihiae 
ah ee Te. 
y a aed f 


ae es 


Fig. 


Falig e 


easly, 


166: 


167% 


168. 


16g. 


TEM of longitudinal section through proximal 
rhabdom (r), showing perpendicular arrangement 
of adjacent microvilli. 


Scale = 1 um 


TEM of transverse section through a multi- 
vesicular body (mvb) containing small membrane- 
bound vesicles near the rhabdom (r). Note 
extracellular spaces (esp) at the bases of 
microvild1. 


Scale = 250 nm 


Same, through a spherical lamellar or onion body 
(on) within the retinula cytoplasm. These 
structures contain concentric membrane whorls. 


Scale = 1 um 


Same, through an onion body (on) in an extra- 
cellular space between retinula cells. Shown 
also are modified secondary pigment cells (2p). 


Scale = 1 um 
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TEM of transverse section through distal retinula 
cell basal bodies (bb) aligned perpendicularly. 
Also shown are: seven retinula cells and the 
distal rhabdom (r). 


Scale = | um 


Same, of a distal basal body (bb), showing 
microtubules aligned perpendicular to the 
ommatidial vertical axis. 


Scale = 250 nm 


Same, of a proximal basal body (bb), aligned 
parallel to the ommatidial axis. The proximal 
basal body contains nine microtubular triplet 
sets (arrows) enclosing a central hub. 18 
electron-dense tubules surround the triplet sets 
(arrows). 


Scale = 250 nm 
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circle with less microtubular definition than the basal 
bodies (Fig. 173). Shortly after entering the proximal 
rhabdom region, a striated ciliary rootlet (cr) is formed 
from the fibrillar feet. The rootlet is solid in transverse 
section and is approximately 150 nm in diameter (Fig. 174). 
It extends the length of the retinula cells peripheral to 
the rhabdom (Fig. 175). Although not shown here, the root- 


let is banded horizontally. 


5.3.5.4 Secondary Pigment Cells 

Approximately 16 secondary pigment cells (2p) surround 
the cone and retinula. Nuclei (n) lie at differing levels 
between the cone region and the middle of the retinula. Pig- 
ment granules (g) vary in size but are approximately 600 nm 
in diameter (Fig. 176). Some cells contain onion bodies (on) 
which, perhaps through the process of pinocytosis, liberate 
the onion bodies found in extracellular spaces between adja- 
cent cells (2p) (Fig. 177). Some secondary pigment cells 
contain vesicles (v) (Fig. 178) while others or portions of 
the same cells are devoid of pigment, but contain numerous 
smaller vesicles (v). Microtubules (mt) are located within 
these cells which could function in transporting these 


vesicles within the cytoplasm of these cells (Fig. 1793). 


5.3.6 Basal Retinula Cells and Basal Pigment Cells 
The eighth or basal retinula cell (b) is positioned 


distal to the fenestrated, mucopolysaccharide, basement mem- 
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TEM of transverse section through fused 
fibrillar feet (ft) within the cytoplasm near 
the proximal rhabdom (r). 


Scale = 250 nm 


Same, through a ciliary rootlet (cr) within the 
cytoplasm near the proximal rhabdom (r) proximal 
to. level shown Big. 173.. 


$.ca le°=. 250) min 


TEM of longitudinal section. throughsavecal 1acy 

rootlet (cr) parallel to the proximal fused 

rhabdom (r). 
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Fig. 176. TEM of transverse section through secondary pig- 
ment cells (2p), showing nuclei (n) and pigment 
granules (p). 


Scale (=)2° "um 


Fig. 177. Same, through onion bodies (on) within second- 
ary pigment cells (2p) in the process of 
pinocytosis to become located in the extra- 
cellular spaces between them. 


Scale = 1 um 


Fig. 178. Same, through secondary pigment cells (2p) 
containing vesicles (v). 


Scale = 1 um 


Fig. 179. Same, through secondary pigment cells (2p) 
devoid of pigment granules but containing 
microtubules (mt) and vesicles (v) of unknown 
chemical composition. 


Scale = 500 nm 
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brane (bm). This cell contains a spherical rhabdomere (rv) 
surrounded by pigment granules (p) (Fig. 1e0pee eine ans 
verse section, the basal retinula cell is seen to be approxi- 
mately 6 um in diameter and to contain a distal nucleus (n) 
and a spherical fused rhabdomere (r) approximately 3 um in 
diameter. The basal retinula cell cytoplasm 1S eye te ko 
mitochondria (m) and pigment granules (p). The seven axons 
(a) of the other retinula cells surround the basal retinula 
cell. They are sheathed by four basal pigment cells (bp) 
containing pigment granules (p) (Fig. 181). The rhabdomere 
consists of microvilli approximately 125 nm in diameter 
which are oriented parallel to the long axis of the ommati- 
dium. Axons (a) contain pigment granules (np). Tracheoles 


(tr) are present at this level of the ommatidium (Fig. T8205 


5.3.7 The Visual Peripheral Nervous System and the 
Central Nervous System 


Each basal retinula cell (py axon surrounded by seven 
retinula axons (a) penetrates the basement membrane (bm) 
together and emerge as a bundle of eight axons (a) (Fig. 
183). In transverse section the fenestrations of the base- 
ment membrane (bm) are clearly visible (kids. 4 1eo.08) oo). 
Fig. 186 shows a transverse section through the eight reti- 
nula axons (a) from one ommatidium. Axons containing neuro- 
tubules (nt) are surrounded by glial cells (gl) which are 
in intimate contact with tracheoles (tr). From cryofracture 


SEM analysis of these tracheoles (Fig. 187), their epicuti- 
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LM of longitudinal section through basal retinula 
zone, showing basal retinula cell (b); rhabdomere 
ae basement membrane (bm); and pigment granules 
(p 


Scale = 10 um 


TEM of transverse section through basal retinula 
cells, showing distal nuclei ae fused spherical 
rhabdomere (ase mitochondria (m); pigment 
granules (p); seven axons (a); and four basal 

eR alt cells (bp) containing pigment granules 
Dire 


Scale. = 5 um 


Same, through a basal retinula cell, showing 
rhabdomere (r) and retinulta cell axons (a) contain- 
ing mitochondria (m); neurotubules (nt); and 
pigment granules (p). Note tracheoles (tr). 


Scale = 2 um 


TEM of longitudinal section through basal retinula 
cells (b) and basement membrane (bm), showing 
bundles of eight axons (a) emerging from each 
ommatidium. Note tracheoles (tr). 


Scale = 5 um 
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LM of transverse section through basement mem- 
brane (bm), showing bundles of eight axons (a) 
penetrating fenestrations. 


Scale = 10 um 


Same, TEM. 
Scale = 5 um 


Same, through bundle of eight axons (a), contain- 
ing neurotubules (nt), surrounded by glial cells 
(gl). Note tracheoles (tr). 


Scale = 2 um 


SEM cryofracture of longitudinal section of a 
tracheole (tr), showing epicuticular foldings 
forming taenidia (td) and spherical bodies (sb) 
on their lumen surface. 


Scale = 1 um 


TEM of longitudinal section proximal to the base- 
ment membrane (bm) showing, glial cells (gl) with 
nuclei (n); mitochondria (m); and pigment granules 
(p). Note nucleus (n) of a large monopolar neuron 
(mn) and tracheoles (tr). 


Scale = 2 um 
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cular lining can be seen to be folded into taenidia (td) 
approximately 258 nm in diameter, with their luminal sur- 
face covered with spherical bodies (sb) approximately 103 nm 
in diameter. The function of these bodies is unknown. 
Glial cells contain nuclei (n), mitochondria (m), and pig- 
ment granules (p). They are surrounded by large monopolar 
neurons (mn) (Fig. 188) (Ribi, 1976). 

Glial cells (g1), large monopolar neurons and axons 
(a) of a lamina cartridge are more clearly seen in Biqe. 169% 
Within the lamina ganglionaris (1g), these cartridges (oc) 
are aligned parallel to the long axis of the ommatidium and 
twist at the first optic chiasmata (1c) before entering the 


medulla (Fig. 190). 


5.3.8 Adipose Tissue and Lipid Within the Compound Eye 
Within the head capsule lateral to the ocular sclerite 
(os), is a large accumulation of adipose tissue (ap) which 
stains with Sudan III (Fig. 191). Lipid deposits (ld) are 
also found between the axonal bundles (ab) of the eyes 
(Fig. 192). As previously mentioned, some secondary pigment 
celle contain vesicles (Figs. 178; 179).", The sign maicance 
of this adipose tissue, lipid deposits, and vesicles is 
discussed in relation to storage and transport of the visual 


pigment chromophore derived from vitamin A,- 


5.3.9 Summary of Structural Components 


Fig. 193 shows the principal structural components in 
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TEM of transverse section through lamina 
ganglionaris, showing cartridges of axons (a) 
surrounded by glial cells (g1), and large mono- 
polar neurons (mn). 


Scale = 2.7m 


LM of longitudinal section of axonal bundles (ab) 
of six ommatidia entering the lamina ganglionaris 
(lg) in optic cartridges (oc)-.._ Optic cartridges 

twist at ther tirst chiasmata Gic) 


Scale = 100 um 


LM of oblique section through a compound eye 
stained with Sudan III, showing adipose tissue 
(ap) lateral to the ocular sclerite (os). 


Scale = 100 um 


LM of longitudinal section through proxim 
tion of an eye, showing lipid deposits (1 
between axonal bundles (ab) and lamina 
ganglionaris (1g). 


Scale = 20 um 
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193. 


Diagrammatic longitudinal section of a photopic 
ommatidium of Cicindela tranquebarica, showing 
spirally lamellated corneal Ee (1); surface 
polygons and lateral lamellae of subcorneal 

layer (cl); four quadrants of crystalline cone 
(c) surrounded by nucleated Semper's cells (s); 
nuclei and rough endoplasmic reticulum of primary 
pigment cells cae pigmented secondary pigment 
cells (2p); four-part crystalline thread (ct) 
containing microtubules; distal rhabdom (r) from 
retinula cell seven; distal and proximal basal 
bodies (bb) perpendicularly arranged; inter- 
retinular fibers (ff): ciliary rootlet (cer); 
proximal fused rhabdom (r) composed of six 
rhabdomeres; four basal pigment cells (bp); basal 
retinula cell (b) with rhabdomere (r); basement 
membrane (bm); axonal bundle (ab) of eight axons; 
pigmented glial cell (gl); and large monopolar 
interneuron (mn). 


Scale = 20 um; diameter enlarged X3. 
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a photopic ommatidium of a Cicindela tranquebarica male. 


5.4 Discussion and Conclusions 


5.4.1 Dioptric Apparatus 

The corneal lenses of C. tranquebarica adults have a 
thin corneal layer. This may be epicuticular, and formed 
from secretions from dermal glands (Locke, 1974), which, 
although not figured here, surround the ocular sclerite 
(see Section 4.3.4; P. melanarius eyes). Corneal lenses 
Poresst of exocuticular lamellae of spirally arranged chitin- 
protein complexes (Neville, 1975). 

Beneath each corneal lens lies the newly described 
subcorneal layer. I have also observed this layer in other 
cicindelid and carabid beetle eyes (Sections 1 Se pad prey isis es 
4.3.2 and 4.3.4). Although she did not describe it in 
detail, Home (1976) figured a proximal corneal layer, which 
can be termed the subcorneal layer, in eyes of adult Notio- 
philus biguttatus F. and Loricera pilicornis F. (Carabidae). 
This layer may be similar to the processes corneae described 
using a light microscope in eyes of adult diurnal Lepidoptera 
(Eltringham, 1919; 1933; Nowikoff, 1931; and Yagi and 
“Koyama, 1963a) (see Section Fg 6 fe 

Thin sections through this subcorneal layer Dies 
tranquebarica eyes show parabolic lamellae. Bouligand (1965) 
presented a model for the structure of chitin and protein 


(arthropodin) complexes of arthropod lamellated endocuticle. 
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He postulated that the basic unit of the lamellae is the 
parabolic microfibril (micelle) consisting of a chitin core 
coated with protein. The subcorneal layer conse sits Of.such 
microfibrils. There is no evidence of pore canals (Eocke,, 
1961; Neville et al., 1969) traversing this endocuticle. 
When examined by cryofracture SEM techniques, the surface 

of this subcorneal layer consists of polygons. I postulate 
that prior to the cuticular pharate adult, livofieie We 
secondary pigment cells are positioned between the develop- 
ing corneal lens and cystalline cone and they secrete extra- 
cellularly the subcorneal layer. These cells then migrate 
laterally and differentiate into secondary pigment cells. 
Cuticular deposition is differential; less cuticle being 
secreted about the periphery of the eeaies leaving a surface 
consisting of polygons. 

Several hypotheses can be generated to explain the 
function of this subcorneal layer. Since its refractive 
index is greater than that of the lens, but less than that 
of the crystalline cone, it could function to bend incident 
light towards the normal and hence towards the crystalline 
cone. This would maintain incident light intensity rather 
than permitting light rays to be absorbed by secondary pig- 
ment granules. Furthermore, since this layer is of inter- 
mediate refractive index, it would reduce reflection towards 
the lens. Because each polygon appears to have a concave 
distal surface, each may function as a small concave lens 


which would extend the focal length of incident light to a 
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point more proximal within the crystalline cone. Without 
precise measurement of refractive index such as those made 
for tracing rays of incident light through the lens and cone 
by Horridge (1975b) and Meyer-Rochow (1975), it is not known 
if this layer acts as a thin film for constructive or des- 
tructive interference of light entering the cone. Such 
investigations would be difficult to undertake since the 
surface of each endocuticular polygon is of variable thick- 
ness. 

The material of the four cone quadrants is granular. 
Fyg (1961) located glycogen in cones of adult Apis mellifica 
L. (Apidae) as did Bara (1971) in those of adult Collembola. 
Developmental work by Kim (1964) showed that the granular 
nature of cones of eyes of Pieris rapae L. adults (Noctuidae) 
results from a polymerization of polysaccharides with pro- 
teins. From examination of thin sections and freeze-etch 
preparations, the chemical composition, cones of C. tranque- 
barica also appear to have depositions similar to the glyco- 
gen observed by these workers. Since the electron density 
of the glycogen is less dense in the central region of each 
cone quadrant, this could cause light rays to be concentrated 
centrally towards the underlying crystalline thread. There 
is no evidence of variation in electron density of the 
glycogen between adjacent cone quadrants. Thts 1s uniike 
cones of A. mellifera adult eyes which Skrzipek and Skrzipek 
(1971b) postulated to function in differential absorption 


of incident polarized 11 OM. 
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5.4.2 Interfacetal Mechanorecptors 

Interfacetal mechanoreceptors are present between 
some lenses of C. tranquebarica eyes. Such hairs were 
first reported in eyes of Apis mellifera workers (Apidae) 
Ohi 111pss..1905)» bubihoiza (1928) was first to observe a 
nerve fibril (neuron) from hairs of eyes of Anacridium 
aegyptium adults (Acrididae). Many adult lepidopteran eyes 
also have interfacetal hairs (Eltringham, 1933; Yagi and 
Koyama, 1963a; Koyama, 1971; and Koyama and Qgawa, 1S 
Scott (1937) observed the presence of these hairs in aduit 
nymphalids and worker apids (Hymenoptera), Perrelet (1970) 
described the external structure of drone A. mellifera 
anterfacetal hairs, and Meyer-Rochow (1972) those of Creo- 
philus erythrocephalus F. adults (Staphylinidae). Nesse 
(1965) figured these sensilla for eyes of A. mellifera. He 
concluded that they were innervated by one neuron which | 
enters a retinula cell at the level of a retinula cell body. 
Work with adult individuals of Cataglyphis bicolor pe 
(Formicidae), Brunnert and Wehner (1973) figupedya thin 
section of an interfacetal dendrite wrapped in a single 
sheath cell. Fine structure of interfacetal hairs of Musca 
domestica Meig. adults (Muscidae) was examined by Chi and 
Carison (1976)... This sensillum is also innervated by a 
single bipolar neuron. The cilium, however, consists only 
of nine peripheral microtubular doublets. Basal bodies are 
not described, but there are nine ciliary rootlet micro- 


tubules and therefore presumably nine triplets comprising 
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the basal bodies (Pitelka, 1974). Axons of interfacetal 
hairs of Gryllus campestris L. adults (Gryllidae) extend 
forward into the trito- and deutocerebra, and into the 
subesophageal- and prothoracic ganglia via a branch of the 
nervus tegumentarius (Honegger, TO77) 

From examination of anterfacetal hair structure of 
nymphalids and apids, Scott (1937) concluded that these 
sensilla are chordotonal, 1.@.; function as modified auditory 
sense’ organs. ~“Nesse (1965) studied flight behaviour fol low- 
ing interfacetal hair removal in A. mellifera adults. His 
experiments provided evidence suggesting that they function 
in control of sidewind deviation arising during flight and 
in 1966 he postulated that they are involved in regulating 
flight velocity in honey bees. Absence of flight in adults 
of Gryllus campestris L. (Gryllidae) suggested to Honegger 
(1977) that these sensilla have a role in controlling eye 
cleaning behaviour. 

Without behavioural and electrophysiological experi- 
ments, one must speculate on the function of interfacetal 
pegs of eyes of C. tranguebarica adults. However, from 
Sections 4.3.1.2.2; Ae 389" Enda. 3c" 7c" can be concluded 
that of the cicindelids and carabids studied, pegs are char- 
acteristic of diurnal beetles capable of flight. The only 
exception are C. belfragei Sallé adults, which are second- 
arily flightless, but have interfacetal pegs. Perhaps in 
cooperation with other wind sensitive sensilla on the body 


(Weis-Fogh, 1949; 1956), sensory input to brain centres 
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elicit effector responses leading to compensatory movements 


and hence to flight stability. 


5.4.3 Retinula Cells and Rhabdoms 

Based on criteria presented in SACti on 4eor lus tt US 
concluded here that eyes of C. tranquebarica adults are 
photopic and probably function similarly to photopic eyes 
of other diurnal insects (Varela and Wiitanen, 1970; Section 
ae) °° The rectangular, fused proximal portion of the rhab- 
dom is similar to that of zygopterans (Ninomiya et al., 
1969); blattids (Butler, 1973b); locustids (Horridge and 
Barnard, 1965); gryllids (Wachmann, 1970); other carabids 
and cicindelids (Home, 1976; Sections 4.8% BA SAowey and 
4.3.4); and apids (selected references: Goldemitn, 1962; 
Varela and Porter, 1969; Perrelet, 1970; Skrzipek and 
Skrzipek, 1971a). 

Some of the conclusions made by Snyder et al. C1973) 
from a review of the structure and function of the fused 
rhabdom of honey bees may be applicable to the rhabdom of 
C. tranquebarica. They showed that rhabdomeres joined 
tightly together have enhanced “optical coupling”. Each 
rhabdomere functions as an absorption filter; the blue and 
ultraviolet rhabdomeres filter out these two wavelengths 
from green rhabdomeres, thus enhancing spectral sensitivity 
of the green retinula cell. There is no loss in absolute 
sensitivity since each filter acts as a photoelectric trans- 


ducer. Therefore, due to this optical coupling, "each reti- 
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nula cell has a high absolute sensitivity while preserving 
its spectral identity.” Since all spectral cell types are 
together in one rhabdom, the insect has good hue discrimina- 
tion in a small field of view. 

It would be particularly interesting to determine the 
spectral response curve for retinula cells of C. tranque- 
barica using intracellular electrophysiological recordings. 
Following such experiments, one could stimulate single reti- 
nula cells sensitive to a particular wavelength. Gribakin 
(1972; 1975) showed that following differential stimulation, 
osmium tetroxide fixation caused the photoproduct to stain 
more intensely in stimulated cells, such that he could dis- 
tinguish two types of retinula cells in A. mellifera, each 
specific to a wavelength maximum of either 340 nm (ultra- 
violet) or 530 nm (green). 

Horridge and Barnard (1965) showed that in dark- 
adapted eyes of Locusta migratoria L. (Locustidae), cister- 
nae of the endoplasmic reticulum collect near the rhabdom 
forming a "nallisade" of lower refractive index. Light 
transmitted through this region is reflected internally to 
increase rhabdom sensitivity. Under light adapted condi- 
tions, the pallisade disperses to form lacunae (vacuoles) 
of endoplasmic reticulum within the cytoplasm, and mito- 
chondria migrate to surround the rhabdom. Other insect 
eyes show similar changes: blattids (Snyder and Horridge, 
1972); gryllids (Wachmann, 1970); staphylinids (Meyer-Rochow, 
1972); calliphorids (freeze-etch study, Seitz, 1970); and 
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formicids (Menzel, 1972; Brunnert and Wehner, 1973); review: 
Walcott (1975). Kolb and Autrum (1972) showed similar 
changes in eyes of A. mellifera, but also observed pigment 
migration medially towards the rhabdom during light adapta- 
tion. Since mitochondria closely surround the rhabdom and 
because endoplasmic reticulum lacunae are dispersed within 
the cytoplasm, the rhabdom of eyes of C. tranquebarica 
adults examined here can be considered as being similarly 
light-adapted. The position of mitochondria in this light- 
adapted state is essential as an ATP energy source tor 
isomerization of visual pigment during phototransduction. 
Desmosomes between retinula cell membranes are adhe- 
sive and possibly assist in maintaining microvillar inter- 
didgitation (Eley and Shelton, 1976). Extracellular spaces 
between bases of microvilli may be channels through which 
the flow of current responsible for depolarization of the 
retinula cell passes through the membranes of the microvilli 


(Perrelet and Bauman, 1969). 


5.4.4 Multivesicular Bodies, Onion Bodies, and Their 
Roles in Visual Protein Metabolism 


The retinula cytoplasm of C. tranquebarica contains 
multivesicular bodies (mvb's) and onion bodies. Both struc- 
tures are characteristic of invertebrate photoreceptor cells 
(Fernandez-Moran, 1958; Trujillo-Cenéz, 1966; Eguchi and 
Waterman, 1967; White, 1968; and Eakin, 1972). Onion bodies 


are also found in some secondary pigment cells. 


ees 


Bh. 


wetwes 3 (2T8T Awaiillane cde “ster 
sel twte beware aver)’ eetsaR bow | . 
+nameig bevreedot oefa gue Py ae ft 
“aeGEre tdoit: on tap mabe site cb ewed QU Tetbom 
prs mobdsdy edt BavmraMe! YT eet > <rreantood sat m 


- 0 
= 5 a . 
a ae 


nidsiw beersdeth) ome pemuas! autvshese atmestq 
soTtedsypneNy de pee +o mubdewy ont: 25! 
Uiveltmte pares ae Wevetionos ad 59 sued be | 
~+ tot! ens. We) stypnodzos ta * neta ead: ait beta 
vot BoTwRe eetene ATA a8 28 erdnedgsengh: wens 

not rawbereny Ota pativd tromotq Ipvetv 20 sottes t | 
-stibs ons ranstdmen (feo shantter naewied pene ; 
=e rt 16.1 1.tvons he Oninhaae hen wt tetene vee ane ‘vt 
esovge selulfevettxd ABT e gna t she. beep vera) ith | 
dotaw dpwondd 2feqnens ed Yaw tit reowattm 40 202 
eit to notiesive hoger *roW Bd) enogeay Snes! woah 
ih tverstea see Her coneyéaignt sity) ‘igptords eueesg Mags 
‘ a: wpeleves _nasvas ba a0le 

eer a. Bt 


vtsnt tins: toto thee 
Ph 


pda 2 @2et Sis 1B ‘ 

slid ae ee es Cee 
antetaos | mar ds 2. ‘o- 
“OUTTE i308 -eatbod 4 pi : 


fT os xodaaastotog a8 . 


Ae eaibod nee 
Pe sisstoaasanans 2 


On). 2 es 
bits touea aaaer aah , ‘ oat hy , ; lites 

oe . yy SR. ne _ or etek 7 7. i 

2athod ay (ster oe 1463 brs 4900! at tiW iX@ | betaine 

fa a 


260 


Exposure to light induces the formation of mvb's in 
the spider crab Libinia Sp. (Eguchi and Waterman, i674): 
in the cricket, Pteronemobius heydeni Fischer (Gryllidae) 
(Wachmann, 1969); in the toad bug Gelastocoris oculatus 
(Gelastocoridae) (Burton and Stockhammer, 1969); in larval 
mosquito stemmata (Culicidae) (White, 1968); and in the wood 
louse, Oniscus asellus L. (Isopoda) (Tuurala and Lehtinen, 
1971). 

Multivesicular bodies are probably the main organelles 
involved in protein hydrolysis (Locke and Collins, 1967). 
Working with eyes of the lobster, Homarus vulgaris (Rutherford 
and Horridge, 1965), and the spider crab, Libinia emarginata 
(Eguchi and Waterman, 1967) these authors studied the path- 
way by which metabolic products of phototransduction are 
transported away from rhabdom microvilli. They conclude 
that cisternae of microvilli produce vesicular spheroids 
which are enveloped by Golgi membranes, which in turn give 
rise to mvb's. Multivesicular bodies are converted into 
onion bodies by the incorporation of lytic enzymes from 
Golgi cisternae. Ferritin, a water soluble protein, can be 
traced through this pathway in larval mosquito stemmata 
(White, 1968). Following phototransduction in eyes of Ci 
tranquebarica, opsin proteins probably are hydrolyzed via 
the mvb-onion body sequence similar to that proposed by 
these authors. Furthermore, here, onion bodies seem to be 
incorporated into some secondary pigment cells and are then 


released via pinocytosis into the extracellular space be- 
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tween them. This suggests that proteins incorporated into 
mvb's may not be recycled to the rhabdom microvilli. 

I postulate that opsin components of visual pigments 
(presuming a dichromatic visual system) are synthesized in 
the primary pigment cells OTF ies tranquebarica eyes since 
there is a larger accumulation of rough endoplasmic reti- 
culum there. Using tritiated leucine in drone eyes, Perrelet 
(1972) concluded that labelled proteins are first associated 
with polysomes, and rough endoplasmic reticulum. Later they 
appear at the microvilli. Although he concluded that these 
proteins contribute to the renewal of photoreceptor mem- 
branes, I suggest this may represent the pathway for opsins 
synthesis in these eyes. 

Linking of opsins to the chromophore may occur in 
Golgi cisternae prior to transport of visual pigments to 
the microvilli. Clearly autoradiographic experiments are 
required to prove thes postulates Proposed storage and 
transport mechanisms for the chromophore are discussed in 


Section 5.4.8. 


5.4.5 Ciliary Structures 
Photoreceptive cells have increased surface area from 
proliferation and folding of plasma membranes. For the 
animal kindgom, Eakin (1966; 1972) proposed a dichotomy in 
the evolutionary origin of photoreceptive cell membranes: 
ik. sh@iittany vype (coelenterate-echinoderm-chordate 


line) in which the photoreceptive membranes are usually deve- 
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loped from tubular or lamellar outgrowths of a cilium. 

2, Rhabdomeric type (annelid-arthropod-molluscan 
line) having increased surface area arising through micro- 
villus extensions of the plasma membrane, and which may or 
may not show traces of a ciliary process. When present, 
the cilium is not involved in rhabdom formation. 

When Eakin published (1966; 1972) insect eyes were 
not known to have ciliary structures. However, proximal 
to the nucleus in each retinula cell of eyes of C. tranque- 
barica adults, two basal bodies are aligned perpendicular 
to each other with the distal basal body at right angles to 
the longitudinal axis of the ommatidium. The proximal basal 
body has two basal fibrillar feet which unite to form a 
horizontally banded ciliary rootlet extending the retinula 
length. Similar ciliary structures are found in eyes of 
Megachile rotunda F. adults (Megachilidae) (Wachmann et al. > 
1973); four species of coccinelids, Hyphydrus GVatUSa te 
(Dytiscidae), and Phyllobius pamaceus Gyllenhal (Curculio- 
nidae) (Home, 1972); some carabid beetles, and the cicin- 
delid, C. campestris L. (Home, obeys Developmental studies 
by Wachmann and Hennig (1974) using M. rotunda and by Home 
(1975) using Coccinella septempunctata L. (Coccinelidae) 

did not provide evidence for ciliary involvement in rhabdom 
formation. Therefore, insect eyes cannot be classified as 
ciliary (sensu Eakin, 1966; 1972). Further developmental 
studies should be undertaken since Munoz-Cuevas (1975) 


demonstrated ciliary ‘+nvolvement in the development of micro- 
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villi in the eye of Ischyropsalis luteipes (Arachnida: 


Opiliones). Such a conclusion caused Vanfleteren and 
Coomans (1976) to emphasize the risk of assuming that close 
phyletic relationships infer a similarity in photoreceptor 
design. 

In invertebrate and vertebrate ciliary photoreceptors, 
membranous surfaces containing visual pigments are restricted 
to the distal or outer segment and are consequently asso- 
ciated with the microtubular cilium which extends distally 
from the distal basal body (Eakin, 1972). In these bipolar 
cell types, cilia may have a role in transmission of a 
generator potential and since ATP-ase activity has been 
reported in the ciliary rootlet of human retinal rods 
(Matsusaka, 1967), the rootlet may have a conductive func- 
tion. However, insect retinula cells are monopolar and can- 
not function similarly since there is no distal cilium and 
the ciliary rootlet is associated with the photoreceptive 
membrane, not proximal to it and proximal, not distal to the 
nucleus. 

Home (1975) concluded that ciliary structures in eyes 
of C. septempunctata (Coccinelidae) are not involved in 
cellular reorganization during light-dark adaptation. 

Since the basal bodies are not associated with a dis- 
tal cilium, they possibly are remnants of the basal bodies 
responsible for differentiative mitoses. Ciliary rootlets 
may provide cytoskeletal support to maintain rhabdomeric 


interdidgitations. 
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5.4.6 Basal Retinula Cells and Basal Pigment Cells 


The basal eighth retinula cells of eyes Ofe Gs, brane 


quebarica adults are similar to the ninth retinula cells 
of A. mellifera (Skrzipek and Skrzipek, 19.74) .apend boch 
insects, the rhabdomere has microvilli oriented parallel 
to the pnatidiey longitudinal axis. 

Possibly the four basal pigment cells are basa! swell- 
ings of Semper's cells which have also been reported distal 
to the basement membrane in adult eyes of Drosophila sp. 
(Drosophilidae) (Waddington and Perry, 1963); Creophilus 
erythrocephalus ee (Staphylinidae); and Megachile rotunda 
F. (Megachilidae) (Wachmann et ale, 197.3 )¢ 
5.4.7. Polarized Light Detection by Fused Rhabdoms 

Microvilli of eyes of C. tranguebarica adults form a 
proximal, rectangular, fused rhabdom with adjacent sides 
having microvilli perpendicularly arranged. Two retinula 
cells contribute microvilli to each long side; one to each 
short side. The rhabdom of the honey bee is similar in 
organization although it consists of eight retinula cells, 
two on each side (Skrzipek and Skrzipek, 1971a). Both eyes 
have a basal rhabdomere-bearing retinula cell. Because of 
similarity in microvillar orientation, and photopic organiza- 
tion, polarized light detection in diurnal cicindelids may 
be similar to that in honey bees. 

Lt) is, Wee documented that many insect eyes detect 


polarized light due to the parallel configuration of their 
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microvilli (Goldsmith and Bernard, 1974). In eyes capable 
of polarized light detection, the chromophores of rhodopsin 
molecules lie parallel to the tangent planes of the micro- 
villi. This particular geometry leads to polarized light 
detection when the E vector (light waves vibrating in one 
plane and moving in one direction = plane polarized light) 
is parallel to the microvilli (Moody and Parriss, 1961). 
However, such a geometry is not maintained along the reti- 
nula length in eyes of C. tranguebarica since retinulae 
twist along their lengths. Such twisting also occurs in 
eyes of adults zygopterans (Ninomiya et al., 1969); apids 
(Snyder, 1973; Wehner et al., 1975); and formicids (Menzel, 
1975; Wehner, 1976). From electrophysiological recordings, 
Menzel and Snyder (1974) concluded that because of this 
twisting, only the basal ninth retinula cell of the honey 
bee functions as a polarized Tight detector. 

The proximal rhabdom of scotopic A eyes of the adepha- 
gan Dytiscus marginalis L. (Dytiscidae) lacks Sensitivity 
to plane polarized light (Horridge et al., 1970). However, 
these researchers did not record from either the seventh or 
eighth retinula cells and were not aware at that time of ithe 
possibility of retinula cell twisting. Although no electro- 
physiological experiments were performed, Wachmann and 
Schroer (1975) predicted polarized light detection by the 
basal eighth retinula cells of the dorsal and ventral eyes 
of the adephagan Gyrinus substriatus Steph. (Gyrinidae). 


In view of these conclusions, if polarized light is 
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detected by tiger beetle eyes, perhaps the basal eighth or 


distal seventh retinula cells are involved. 


5.4.8 Synthesis, Storage, Transport, and Metabolism of 
Visual Pigments 


Retinal is reported to be the chromophore of insect 
visual pigments (Goldsmith, 1958; Briggs, 1961; review; 
Goldsmith, 1972)... ll-cis retinal is combined with a visual 
protein, an opsin (Karplus, 1973). Photochemical reactions 
associated with transduction of a light stimulus via a chemi - 
cal intermediate to an electrical response occur at receptor 
sites on rhabdomeric microvilli (Langer and Thorell, 1966; 
Hoglund et al., 1973). A summary of the photochemical 
events (modified after Wald, 1968) involved ineVishal exctt- 


tation follows: 


rhodopsin 


ADP + P, light 
ATP 


jsomerase 
ll-cis retinal + opsin) —————— all-trans retinal + opsin 
NAD+ NAD-H 30% NAD-H NAD+ 
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It is believed (Gilmour, 1961) that insects do not 
synthesize the fat-soluble vitamin Ay> but accumulates. te 
carotene primarily through dietary intake. This carotenoid 
is then oxidized to vitamin Ay. Inadequate amounts of 
vitamin A, in the diet induces pathological conditions in 
insect eyes (Aedes aegypti L. (Culicidae) (Brammer and White, 
1969)); Manduca sexta Johannson (Sphingidae) (Carlson et 
al., 1967; 1969). Changes also occur in the threshold and 
spectral absorption of the rhabdom when the animal is 
deprived of vitamin A, (review: Goldsmith, 197 2he 

Little is known of storage, ErAnSpOvise OF metabolism 
of fat-soluble vitamin A, in insect tissues (Rees, 1977). 
Perhaps the fat body serves as a storage organ and from 
histochemical examination of eyes of C. tranquebarica 
adudtsae  tea> postulated that the large adipose accumulation 
surrounding the eye and retinula cell axons may also Store 
this vitamin. Also some secondary pigment cells in these 
eyes contain microtubules which may possibly be used for 
transport of vesicles within their cytoplasm. Perhaps these 
vesicles contain the chromophore (either the alcohol,or 
aldehyde) which is released into the retinula cells via 
pinocytosis. Skrzpiek and Skrzipek (1971b) reported long 
cytoplasmic extensions of some secondary pigment cells be- 
tween retinula cells of honey bee eyes. Vesicles were also 
observed in the tips of these extensions. 

Following release of the chromophore, it could combine 


with opsin proteins via the smooth endoplasmic reticulum and 
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be transported to the microvilli via the Golgi cisternae. 
The possible synthesis site and hydrolysis of opsins have 
been discussed (Section addi) A proposed diagrammatic 
summary of synthesis, storage, transport, and metabolic path- 
ways of visual pigments are represented in Fig. 194. 
Questions involving visual pigment metabolism may be 
answered by tracing movements of labelled vitamin A, and 
amino acids using autoradiographic techniques andy or niicro- 
probe analysis. One such study has been done tracing triti- 
ated vitamin A, acetate in the pulmonate snail Helix aspera 
(Eakin and Brandenburger, 1968; Brandenburger and Eakin, 
1970). Vitamin A, (alcohol or aldehyde?) is incorporated 
by the smooth endoplasmic reticulum and conjugated with a 
provein. This visual pigment is sequestered into photic 
vesicles (80 nm in diameter and peculiar to snail eyes) 
which move distally where their contents are liberated 
close to the microvilli. Extrapolation from these experi- 
ments is difficult since the structural components of these 
eyes are quite different. More research is required on 
chromophore and opsin synthesis, storage, and transport 
before we can begin to understand the metabolism of insect 


visual pigments. 


5.4.9 Summary 
From examination of the fine structural cellular 
organization of C. tranquebarica compound eyes, it has been 


shown that more detailed conclusions can be made regarding 
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Fig. 194. Proposed diagrammatic summary of synthesis, 
storage, transport, and metabolic pathways of 
visual pigments within the compound eye. 


a: Vitamin A] stored in adipose tissue surrounding 
ocular sclerite and between retinula cell axons. 


b:., Incorporation of vitamin JAqp into.) 1pid=vearcies 
in secondary pigment cells. 


¢: Vitamin A? alcohol (retinol) reduced to retinal 
in cytoplasm. 


d: Transport of retinal vesicles into retinula 
cells via pinocytosis. 


e: Incorporation of retinal into smooth endoplasmic 
reticulum, into Golgi cisternae, and transport 
to rhabdom microvilli. 

f: Conjugation of retinal and opsins. 


g: Phototransduction: Isomerization of ll-cis 
retinal to all-trans retinal plus opsin. 


h: Isomerization of all-trans retinal to ll-cis 
retinal. Degradation pathway of retinal unknown. 


Continued. 
Synthesis of opsins on rough endoplasmic 
reticulum in primary pigment ee1 isi 


Transport of opsins into retinula cells via 
pinocytosis. 


Synthesis of opsins on rough endoplasmic 
reticulum in retinula cells. 


Incorporation of opsins into smooth endoplasmic 
reticulum, into Golgi cisternae, and transport 
to rhabdom microvilli. 

Conjugation of retinal and opsins. 


Phototransduction: Isomerization of 11-cis 
retinal to all-trans retinal pilus ons In. 


Opsins recycled. 
Transport of opsins into multivesicular bodies. 


Opsin peptides hydrolyzed to amino acids. an 
onion bodies. 


Transport of onion bodies into secondary pigment 
cells via pinocytosis. 


Pinocytosis of onion bodies into extracellular 
spaces. 
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the function of this derived photopic eye than were provided 
from light microscope studies (Chapter 4). Suggestions for 
further research have been presented which will provide 
more information to enhance our understanding of insect 


vision. 
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6. Concluding Statements 


An investigation such as this one begins to fill the 
void in our understanding of evolution of insect compound 
eyes through studies of intergeneric, interspecific, and 
family sister group comparisons. These results show that 
the choice of studying cicindelid and carabid beetles has 
been a good one for examining compound eyes from an evolu- 
tionary approach. It is concluded that compound eye struc- 
ture and function of these beetles have evolved parallel 
to their behavioural transformation series from nocturnal, 
crepuscular, to diurnal diel activity. Furthermore, the 
relative simplicity of increase in eye size and alteration 
of cellular organization from scotopy to photopy has 
permitted these beetles to increase their adaptive zones. 
If the origin of a species begins from the differences of 
the sense organs which perceives the mate (Vegi 0953) 22 10t 
should be stressed that the plasticity of cicindelid and 
carabid beetle compound eyes is an integral component of 
their diversity. 

From examination of the fine structure of photopic 
compound eyes of the derived genus Cicindela, it becomes 
apparent that structure and function are interdependent for 
the process of yisdton. lt asst Gamean appreciation of the 


complexity of the compound eye that even Darwin (1859) chose 
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Fhesevolution of thistsense organsas an example to sub- 


stantiate his notion of natural selection within the animal 


kingdom. 
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